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TITLE: PREDICTING HYDRAULIC CBAPdICTEKISTICS 01: CRITICAL-DEPTH PLUMES 
OF SIMPLE AND COXPLEX CROSS-SECTIONAL SHAPES 

NRP: 20740 CRZS WORK UNIT: 5510-20740-003 

INTRODUCTION: 

Broad-crested wei rs ,  which a r e  h y d r a u l i c a l l y  r e l a t e d  t o  long-throated 
f lumes,  a r e  cont inu ing  t o  be w e l l  s u i t e d  t o  i r r i g a t i o n  cana l  a p p l i c a t i o n s .  
The f l e x i b i l i t y  i n  s i z e ,  l i b e r a l  c o n s t r u c t i o n  t o l e r e n c e s ,  and low head-loss  
requi rements ,  permit  them t o  be r e t r o f i t t e d  t o  most .cana1 systems and c a n a l  
shapes.  The computer modeling techniques ,  p r ev ious ly  used t o  develop a 
s e r i e s  of recommended broad-crested w e i r  s i z e s  f o r  smal l  farm c a n a l s ,  h a s  
been extended t o  l a r g e r  s i z e s  and t o  many unl ined  channel a p p l i c a t i o n s .  

NEW DESIGNS AND CONSTRUCTIONS: 

Major new des igns  and c o n s t r u c t i o n s  i nc lude  t h e  recommendations f o r  broad- 
c r e s t e d  w i e r s  f o r  c i r c u l a r  p ipes  f lowing p a r t l y  f u l l ,  r e c t a n g u l a r  broad- 
c r e s t e d  weirs p r imar i l y  f o r  un l ined  channels ,  t h e  ex t ens ion  of 
broad-crested weir s i z e s  up t o  and inc lud ing  300 c f s  f o r  l a r g e r  l i n e d  
t r a p e z o i d a l  shaped cana l s ,  and the  c o n s t r u c t i o n  of a s e r i e s  of sma l l  
p o r t a b l e  flumes s u i t e d  t o  furrow f lows and t a i l w a t e r  moni tor ing .  The 
c i r c u l a r  s t y l e s  were i n s p i r e d  a s  p a r t  of a coopera t ive  r e s e a r c h  e f f o r t  
i n i t i a t e d  by o t h e r  f e d e r a l  agenc ies  a t  Parker ,  Arizona, and the r e c t a n g u l a r  
v e r s i o n s  a r e  a r e s u l t  of e f f o r t s  t o  address  flow measurement needs f o r  
un l ined  cana l s .  

PARER STUDY - 

We a r e  a s s i s t i n g  i n  a coopera t ive  s tudy wi th  t he  T r i b a l  Council  of t h e  
Colorado Ptiver Ind ian  T r ibes  (GRIT), t he  Bureau of Ind ian  A f f a i r s  (BIA), 
t h e  S o i l  Conservation Serv ice  (SCS) , and s e v e r a l  o the r  o r g a n i z a t i o n s .  One 
of the purposes of t h e  p r o j e c t  is  t o  i n c r e a s e  t he  amount of l and  t h a t  t h e  
t r i b e  can put i n t o  product ion  wi th  t h e i r  c u r r e n t  a l l o tmen t  of water .  
Current  sources  of waste i nc lude  deep p e r c o l a t i o n  from i r r i g a t e d  Eields  and 
surfac,c: d ra inage ,  coming most ly  from s p i l l a g e  from the  off-farm d i s t r i b u -  
t:lon system. The water  l o s t  t o  the  p r o j e c t  r e t u r n s  t o  t h e  r i v e r  and i s  no t  
l o s t  from t h e  r i v e r  bas in .  However, i t  i s  l o s t  t o  the  t r i b e  and impa i r s  
water  qual. i ty f o r  downstream u s e r s .  Our p a r t  of t h e  s tudy  c o n s i s t s  oE 
a s s i s t i n g  t he  SCS wi th  t h e  monitor ing of on-farm and off-farm wa te r  use. 

For t he  on-farm p a r t  of t h e  p r o j e c t ,  t he  B I A  i n s t a l l e d  20 broad-crested 
we i r s  of s r y l e  FB2 Erom our Farmers' B u l l e t i n ,  Nurnber 2268. These were 
p r e c a s t  ve r s ions  designed and b u i l t  by Wendell Goodman of t h e  BIA.  These 
flumes a r e  monitored wi th  c h a r t  r eco rde r s .  The c h a r t s  a r e  r e a d  and ana- 
lyzed  by our computer f a c i l i t i e s .  Considerable  f l u c t u a t i o n s  i n  d i s cha rge  
were noted f o r  some of t he  flumes, whi le  f o r  o t h e r s  t h e  d i s c h a r g e s  were 
n e a r l y  cons t an t .  We plan  t o  s tudy  t h i s  behavior  t o  de te rmine  t h e  p o s s i b l e  
causes  f o r  f l u c t u a t i o n s .  
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For t h e  off-farm systems, t h e  B I A  i s  i n  t he  process  of i n s t a l l i n g  30 flumes 
of d i f  f e r c n t  s t y l e s  on the  s u r f a c e  dra inage  network. A m a j o r i t y  of t h e s e  
r e p r e s e n t  d i r e c t  s p i l l s  from the  cana l  systems. These i n c l u d e  15  V-shaped 
f lumes of t hc  s t y l e  used by Replogle i n  a  F l o r i d a  watershed,  8 broad- 
c r e s t e d  we i r s  i n  f r e e  flowing p ipes ,  3 sharp-crested we i r s ,  and 3 rec-  
t a n g u l a r  and 1 t r a p e z o i d a l  broad-crested weirs. These f lumes and weirs 
w i l l  a l s o  be monitored wi th  c h a r t  r eco rde r s .  W e  w i l l  be p roces s ing  t h i s  
d a t a  a s  wel l .  

We encountered many c o n s t r u c t i o n  problems wi th  t h e s e  flumes. The f lumes,  
f o r  t h e  most p a r t ,  were cons t ruc ted  by inexperienced crews. Thus o f t e n  
t imes ,  t h e  des ign  dimensions and the  cons t ruc ted  dimensions v a r i e d  
cons ide rab ly .  The designed and cons t ruc t ed  ( a s  bu i l t . )  s i d e  s l o p e s  f o r  t h e  
V-shaped flumes ( t r i a n g u l a r  broad-crested wei rs )  a r e  g iven  i n  Table  1. The 
s i d e  sl-opes were es t imated  from a s p e c i a l l y  made a d j u s t a b l e  temple t .  
Another problem was inadequate  e r o s i o n  p r o t e c t i o n  and l a c k  of c u t o f f  w a l l s .  
Also, t h e  s t i l l i n g  we l l  t a p s  through the  cana l  wa l l s  were t o o  low and w i l l .  
t end  t o  s i l t  up. I n  r e t r o s p e c t ,  a l l  of t h e s e  problems could have been 
a l l e v i a t e d  by b e t t e r  c o n s t r u c t i o n  drawings and t h e  a v a i l a b i l i t y  of t r a i n e d  
supe rv i s ion .  The des ign  f o r  t h e  downstream s i d e  of t h e  s t r u c t u r e  was 
r a t h e r  poor i n  terms of e ros ion  c o n t r o l ,  t h e  l o c a t i o n  of t h e  s t i l l i n g  w e l l  
t a p  was no t  we11 clefined and more d inens ions  could have been g iven  t o  
s i m p l i f y  t h e  s i d e  s lope  layout .  

S i m i l a r  problerns were noted wi th  t h e  i n s t a l l a t i o n  of flumes i n  p ipes .  The 
b i g g e s t  problem was t h a t  of spec i fy ing  s i l l  he igh t  r a t h e r  t han  :;ill a i d t h .  
While t h e  s i l l  he igh t  i s  important  f o r  design,  t h e  c a l i b r a t i o t ~  i s  more sen- 
s i t i v e  t o  s i l l  width.  Minor changes i n  s i l l  he ight  on ly  a f f e c t  t he  p i p s  
c a p a c i t y  f o r  free-flowing conclit ions.  Since we a r e  a r t i f i c i a l l y  
c o n s t r i c t i n g  t he  pipe i n l e t ,  the  c a p a c i t y  should no t  be a problcm. From 
t h e  drawings,  i t :  was no t  c l e a r  t h a t  t he  s i l l  he igh t  tias r e f e r enced  t o  t h e  
p ipe  i n v e r t .  For cor ruga ted  meta l  pipe (C&IP), l o c a t i n g  t h e  i n v e r t  ( o r  s i l l  
wid th)  i s  a  problem. The f u r t h e s t  i n s i d e  edge (toward c e n t e r  of p ipe )  of 
t h e  co r ruga t ion  should be used. Warped p ipes  may cause d i f f i c u l t i e s ;  
however, t h i s  did no t  appear t o  be a  problem. For conc re t e  p ipe  t h i s  
should no t  be a  problern. The des ign  and cons t ruc ted  dir~lensions of t h e  p ipe  
f lumes i s  given i n  Table 2. The flume a t  s i t e  #58 was r e p l a c e d  wi th  a  V- 
f l u n e  i n  t h e  channel downstream. The problem he re  was t h a t  t h e  p ipe  i s  too  
s t e e p  and the  approach v e l o c i t y  i s  supe rc r i t i c a l - .  IJe observed t h a t  it d i d  
n o t  ope ra t e  a s  a flume. From Table 2, we s e e  t h a t  i t  was 1.25 inches  t oo  
low. A h ighe r  s i l l  would have helped.  Another problem was t h a t  t h e  ramp 
w a s  t oo  f l a t .  The workmen followed the dimensioned l e n g t h  g iven  i.n t h e  
drawings r a t h e r  than fo l lowing  a 3: 1 slope.  Thus t h e r e  was l i t t l e  b reak  
between t h e  pipe,  rhe  ramp, and the  s i l l .  

Seve ra l  o t h e r  flumes were designed and i n s t a l l e d  a s  d e s c r i b e d  i n  Table  3. 
These p re sen t  no s p e c i a l  c a l i b r a t i o n  problem, however, many of t h e s e  were 
f i t  i n t o  extremely conplex s i t e s .  

Th i s  monitor ing e f f o r t  w i l l  extend through t h e  end of 1981. The s t a t u s  of 
t h i s  phase of t he  p r o j e c t  a f t e r  t h a t  is not  lcnown. 
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Flumes i n  P ines  

The work with the  SCS and B I A  i n  Parker ,  Arizona prompted e f f o r t s  a t  
developing broad-crested we i r s  f o r  use i n  free-florring c i r c u l a r  condui t s .  
The flow cond i t i ons  f o r  these  flumes must be the same a s  t h a t  f o r  flumes i n  
open channels .  To i n s u r e  t h i s ,  the  p ipe  must be free-flowing (not  f lowing 
f u l l )  and cannot have too much downstream water depth. To accommodate t h e  
f i r s t  requirement the  i n l e t  of t h e  pipe i s  r e s t r i c t e d  t o  l i m i t  t he  flow 
i n t o  the  pipe. The second requirement may depend on many c o n d i t i o n s ,  so  t o  
s i m p l i f y  ma t t e r s ,  the  flumes were placed a t  the  o u t l e t  end of t he  p ipes  
w i th  a  f r e e  outfal l . .  

Because of t h e  wide v a r i e t y  of pipe d iameters  and flow cond i t i ons ,  an 
a t tempt  was made t o  use dimensional a n a l y s i s  t o  reduce the number oE 
v a r i a b l e s  involved.  F i r s t ,  a11 t h e  flume dimensions were r e l a t e d  t o  t h e  
p ipe  diameter ,  D ( s ee  Fig. 1 ) .  For a  given pipe diameter ,  t h r e e  s i l l  
h e i g h t s  were used, namely D/3, D/4 and D / 5 .  The computer model f o r  flume 
c a l i b r a t i o n s  was run f o r  e leven  pipe diameters  ranging from 1 t o  8 f e e t .  
Froude modeling techniques were employed t o  r e l a t e  the  stage-disc.harge 
r e l a t i o n s h i p s  f o r  t he  d i f f e r e n t  pipe diameters .  The equat ion  used t o  f i t  
t h e  s imu la t ion  da t a  v7as 

where Q i s  the  d ischarge ,  h l  i s  thc  upstream s i l l  referenced depth and a ,  b 
and A a r e  cons t an t s .  The r e s u l t s  a r e  given i n  Tablc 4. These equat ions  
were found from bes t  f i t  f unc t ions  f o r  the  da t a  which ranged Erom hl /L  = 
0.05 t o  0.5.  The d i f f e r e n c e s  between the s imula t ion  va lues  and equat ion  
computed va lues  was l e s s  than  2%. The higher  e r r o r s  g e n e r a l l y  occurred a t  
low d ischarges .  For a  ma jo r i t y  oE the  range, e r r o r s  a r e  on t h e  order  of 

0.5%. This  has a  p rec i s ion  higher  than the accuracy of t he  s imu la t ion  
model. 

It was a  l i t t l e  s u r p r i s i n g  t h a t  the  flumes were near ly  i d e n t i c a l  Froude 
models. We expected some d i f f e r e n c e s  due t o  changes i n  f r i c t i o n .  Bowever, 
f o r  r e l a t i v e l y  smooth su r f aces  (i .e., hand t rowelled conc re t e ) ,  roughness 
changes have l i t t l e  e f f e c t  on d ischarge .  

There were some i n c o n s i s t a n c i e s  i n  t he  a n a l y s i s  t h a t  were a  l it  t l e  
s u r p r i s i n g .  These may have been r e l a t e d  t o  the ranges of va lues  f o r  h l  ( i n  
tcrms of hl/L) t h a t  were used. It appeared t h a t  the da t a  a c t u a l l y  f i t  
b e t t e r  t o  a func t ion  of t h e  form 

which nay p a r t i a l l y  account f o r  changes i n  r e l a t i v e  roughness,  s i n c e  A 1  had 
n e a r l y  the sane va lue  f o r  a l l  t h r e e  s i l l  he ights .  
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The maximum d i s c h a r g e  t h a t  t h e  f lume can hand le  and s t i l l  remain f r e e -  
f l o w i n g  i s  much less t h a n  t h e  d i s c h a r g e  t h a t  can e n t e r  t h e  p i p e  under o r i -  
f i c e  c o n t r o l  c o n d i t i o n s  a t  t h e  p i p e  e n t r a n c e .  The g e n e r a l  e q u a t i o n  f o r  t h e  
d i s c h a r g e  th rough  an o r i f i c e  is 

where Cd i s  a  c o n s t a n t  ( approx imate ly  0.62), A is t h e  c r o s s - s e c t i o n a l  area 
of  t h e  open ing ,  g is  t h e  a c c e l e r a t i o n  due t o  g r a v i t y ,  and h  i s  t h e  head on 
t h e  o r i f i c e  measured from t h e  c e n t e r  of a r e a  A. S i n c e  f o r  a c i rcu l . a r  
open ing ,  A = n ~ ~ 1 4 ,  t h i s  can be expressed  a s  

Thus f o r  a g i v e n  r a t i o  of head t o  p i p e  d i a m e t e r ,  Q i s  r e l a t e d  t o  D ~ / ~  
d i r e c t l y .  For  D = 11, we g e t  Q = 3.91 D ~ * ~ .  From Table  4, we s e e  t h a t  Tor 
t h e  t h r e e  flume s i z e s  t h i s  c o n s t a n t  i s  2.23, 1.92 and 1.47, r e s p e c t i v e l y .  
S i n c e  Q i s  d i r e c t l y  r e l a t e d  t o  a r e a ,  t h e  a r e a  of t h e  e n t r a n c e  n u s t  be 
reduced t o  2.23/3.91, 1.92/3.91 and 1.47/3.9:L, o r  57, 49 and 385: of t h e  
o r i g i n a l  a r e a  f o r  t h e  t h r e e  s i l l  h e i g h t s .  These v a l u e s ,  o f  c o u r s e ,  a r e  
r e l a t e d  t o  m. 
The c o o p e r a t i v e  p r o j e c t  v i t h  Spain  i n  t h e  Ebro r i v e r  b a s i n  added a d d i t i o n a l  
i n f o r m a t i o n  on s e n i c i r c u l a r  and U-shaped c a n a l s .  For t h e s e  c o n d i t i o n s ,  i t  
became obvious  t h s t  t h e  s i l l  h e i g h t s  chosen f o r  t h e  p i p e  f l u m i s  were n o t  
a d e q u a t e  f o r  t h e s e  channe l s .  Also,  r e c e n t  c o n s t r u c t i o n  a t  P a r k e r  i n d i c a t e d  
that :  perhaps  they shou ld  be d e s c r i b e d  by s i l l  width .  T h i s  w i l l  be i n v e s t i -  
g a t e d  f u r t h e r  and a more p r e c i s e  a n a l y s i s  performed t o  produce some more 
u s e f u l  r e s u l t s .  

R e c t a n a u l a r  Flumes 

Nost of t h e  work on f lumes and b road-c res ted  w e f r s  up t o  now have d e a l t  
w i t h  l i n e d  i r r i g a t i o n  c a n a l s  and ( u n l i n e d )  n a t u r a l  c h a n n e l s .  There  i s  a 
s e r i o u s  need f o r  measur ing s t r u c t u r e s  u s a b l e  i n  u n l i n e d  i r r i g a t i o n  c a n a l s .  
We cou ld  l i n e  a s e c t i o n  of t h c  u n l i n e d  d i t c h  and p l a c e  a  s t r u c t u r e  i n  it. 
S e v e r a l  c a n a l  s e c t i o n s  and f lumes have been put i n  n e a r  P a r k e r ,  Arizona by 
t h i s  method. However, some of t h e  flume s i d e w a l l s  have c o l l a p s e d  because  
l a r g e  m o u n t s  of e a r t h  f i l l  w a s  used. With p roper  c o n s t r u c t i o n  t e c h n i q u e s ,  
t h i s  cou ld  b e  avo ided ,  however, it may be  more a p p r o p r i a t e  t o  have some 
d e s i g n s  s p e c i f i c a l l y  s u i t e d  t o  u n l i n e d  c a n a l s .  The most l o g i c a l  c a n d i d a t e  
i s  a r e c t a n g u l a r  f lume which can  be made of c o n c r e t e ,  s t o n e ,  m e t a l ,  wood o r  
any  such  m a t e r i a l .  Th i s  w i l l  a l s o  f a c i l i t a t e  t h e  use  of l o c a l  c o n s t r u c t i o n  
m a t e r i a l s .  

The t h r o a t  s e c t i o n  of t h e  flume i s  a  s imple  r e c t a n g l e  w i t h  di tnensions  
depetidiqg on f low s i  tun t i o n  and s i t e  condi  t- ions . The approach  s e c t i o n  
cou ld  u t i l i z e  t h e  e x i s t i n g  channe l ,  a s  d i d  t h e  t r a p e z o i d a l  b road-c res ted  
w e i r s .  iiowever , t h i s  adds  a d d i t i o n a l  v a r i a b l e s  which c o m p l i c a t e  t h e  
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problems. For given flume t h r o a t  d i n e n s i o n s ,  t h e r e  a r e  an i n f i n i t e  number 
of possib1.e approach a r e a s  and v e l o c i t t e s .  These could  be approx imated and 
accounted  f o r ,  however, a t  t h e  expense of s i m p l i c i t y .  For t h e s e  r e a s o n s ,  
we have chosen t o  use  a r e c t a n g u l a r  approach channe l  of t h e  same w i d t h  as 
t h e  flurne t h r o a t .  Thus t h e  v e r t i c a l  w a l l s  f o r  a l l  flume s e c t i o n s  are t h e  
same and t h e  s e c t i o n s  a r e  on ly  d e l i n e a t e d  by t h e  bottom hump o r  w c i r .  

It is  reasoned t h a t  excep t  f o r  t h e  f low very  n e a r  t h e  flume s i d e  1i.ral.1, t h e  
f low over  t h e  Elume can be e q u a l l y  d i v i d e d  accord ing  t o  wid th .  Tha t  i s ,  a 
2 m v i d e  flume w i l l  d e l i v e r  v e r y  n e a r l y  t w i c e  a s  much f low as a  1 m wide 
flume under t h e  same f low concl i t ions .  Thus we may be a b l e  t o  s e l e c t  r a n g e s  
o f  flurne w i d t h s  t h a t  w i l l  g i v e  n e a r l y  i d e n t i c a l  v a l u e s  of u n i t  d i s c h a r g e  
( d i s c h a r g e  per  u n i t  wid th ) .  

Two o t h e r  v a r i a b l e s  t h a t  need t o  be c o n s i d e r e d  a r e  t h e  s i l l  h e i g h t s  (pl )  
and c a n a l  d e p t h s  (d )  a s s o c i a t e d  w i t h  each range of f lume w i d t h s  (b) .  Thus 
t h e r e  a r e  t h r e e  r a t i o s  which can be looked a t :  1) r a t i o  of c a n a l  w i d t h  t o  
d e p t h  b /d ,  2) r a t i o  of s i l l  h e i g h t  t o  c a n a l  h e i g h t  p l /d ,  and 3) r a t i o  of 
f lume t h r o a t  wid th  t o  d e p t h ,  b / (d-pl) .  The f f r s t  r e l a t e s  t o  c o n d i t i o n s  
which may be expec ted  t o  e x i s t  and t o  e a s e  of c o n s t r u c t i o n .  The second 
r e l e t e s  t o  t h e  d e s i g n  of t h e  f lume i n  terms of wa te r  1eveI.s and 
submergence. The las t  r a t i o  a f f e c t s  the  second and r e l a t e s  t o  f lume sub- 
mergence and accuracy .  Cons iderab le  judgement i s  invo lved  i n  s e l e c t i n g  t h e  
r a n g e s  of t h e s e  r a t i o s  f o r  d i f f e r e n t  c a n a l  w i d t h s  and s i z e s .  A s  d i s c u s s e d  
i n  an e a r l i e r  paper f o r  l a r g e  l i n e d  c a n a l s ,  a s  t h e  c a n a l s  g e t  l a r g e r  t h e  
w i d t h  t o  clept'ii r a t i o s  g e t  l a r g e r .  Th i s  i s  d i c t a t e d  by p h y s i c a l  l i m i t a t i o n s  
i n  t h e  c o n s t r u c t i o n  of deep c a n a l s .  

A number of s i m u l a t i o n  r u n s  were made wi th  t h e  flume c a l i b r a t i o n  model f o r  
a  widc range  of c a n a l  and flume dimensions .  An ana1.ysis was perZormec1 t o  
d e t e r m i n e  t h e  e r r o r s  invo lved  w i t h  grouping d i f f e r e n t  f lume w i d t h s  and s i l l  
h e i g h t s .  T h i s  a n a l y s i s  r e s u l t e d  i n  a number of flume r a t i n g s  a s  g i v e n  i n  
Tab lc  5. The e r r o r s  involved a r e  l e s s  than  51% throughout  t h e  e n t i r e  
d i s c h a r g e  range.  Because of t h e s e  low e r r o r s  some recombina t ion  may be 
poss  i h l e ,  however, f o r  some combinat ions  t h e  e r r o r s  a r e  m u l t i p l i c a t i v e ,  not: 
a d d i t i v e ,  and l a r g e  e r r o r s  may be i n t r o d u c e d  r a p i d l y .  The a s p e c t  r a t i o s  
d e f i n e d  above f o r  t h e s e  flumes i n  g iven  i n  Table G. 

Misce l laneous  Flumes and A c t i v i t i e s  

A workshop f o r  S o i l  Conserva t ion  S e r v i c e  employees i n  Ar izona  was conduc ted  
t o  check the~tl ou t  on t h c  use  of p o r t a b l e  f lumes t h a t  t h e  SCS had 
c o n s t r u c t e d .  Two s i z e s  were b u i l t ,  one w i t h  a 12-inch t h r o a t  l e n g t h  f o r  
24-inch dcep c a n a l s  and one w i t h  an 18-inch t h r o a t  l e n g t h  f o r  d e e p e r  f l o w s  
i n  36-inch deep c a n a l s .  

Four oE t h e  f i v e  d e s i g n s  f o r  p o r t a b l e  f.Lunes, made by u s i n g  a  30' t r o u g h  of 
s h e e t  n e t a l  w i t h  an a p p r o p r i a t e  s i l l  and dep th  s e n s i n g  a r rangement ,  were 
c o n s t r u c t e d .  Only t h e  l a r g e s t  was n o t  b u i l t .  Minor changes  i n  dimen- 
sioni7.g from t h e  in3 t i a l  drawings  were made t o  accommodate s t a n d a r d  
a v a i l a b l e  shee t-me t a l  s i z c s  and u s u a l  machine shop t o o l s .  The o r i g i n a l  
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d e s i g n s  were p r e s e n t e d  i n  Annual Report  1979.  Other drawing changes  s i n c e  
l a s t  y e a r  i n c l u d e  r e d e s i g n a t i n g  dimensions  i n  terms of t h r o a t  width  i n s t e a d  
of t h r o a t  l e n g t h .  

For  concrete- l inect  c a n a l s  up t o  300 c f s ,  recommendations of s t a n d a r d - s i z e d  
f lumes  were p r e s e n t e d  a t  t h e  ASCE, I r r i g a t i o n  and Drainage D i v i s i o n  
Confe rence ,  i n  n o i s e ,  Idaho,  23-25 J u l y .  These appear  i n  t h e  c o n f e r e n c e  
p r o c e e d i n g s .  

A f l u w  was i n s t a l l e d  i.n S r i  Larlka u s i n g  t h e  Boise paper .  I n  a  l e t t e r  from 
t h e  C o n s u l t a n t  t o  t h e  S r i  Lanka a u t h o r i t i e s ,  t h e  d e s c r i p t i o n  of t h e  
i n s t a l l a t i o n  problems was similar t o  our own e x p e r i e n c e s  w i t h  u n s k i l l e d  
l a b o r  on t h e  1nd.i.m R e s e r v a t i o n .  However, even w i t h  t h e  a p p a r e n t  poor 
c o n d i t i o n s ,  a s - b u i l t ,  t h e  S r i  Lanka i n s t a l l a t i o n  i s  w i t h i n  r e q u i r e d  p e r f o r -  
mance t o l e r a n c e s  f o r  good measurements and f u r t h e r  i l l u s t r a t e s  t h e  
c o n s t r u c t i o n  advan tages  of t h i s  s t y l e  of c r i t i c a l - f l o t r  d e v i c e s .  

Another  f lume of t h e  s i z e s  p r e s e n t e d  i n  t h e  Boise paper  was c o n s t r u c t e d  by 
t h e  Bureau of I n d i a n  A f f a i r s  (Lar ry  IJ i lke)  n e a r  Saca ton ,  Arizona.  He t o l d  
u s  t h a t  they  s p e n t  about  $300 i n  m a t e r i a l s  and l o c a l  l a b o r  i n s t a l l i n g  i t .  
Adequate s u p e r v i s i o n  was a v a i l a b l e  and t h e  i n s t . a l l a t i o n  is  v e r y  good. A 
c o n p a r a b l e  P a r s h a l l  f lume i n  t h e  o t h e r  c a n a l  branch was b i d  a t  $12,000 ( a s  
i t e m i z e d  i n  t h e  t o t a l  b id  package) .  

M r .  M. G. Bos froill t h e  I n t e r n a t i o n a l .  I n s t i t u t e  f o r  Land Rec lamat ion  and 
Improvernent/ILRI, t h e  N e t h e r l a n d s ,  v i s i t e d  our l a b o r a t o r y  dur i i lg  p a r t  of 
February  and March, and a g a i n  f o r  f i v e  m e k s  i n  November and December. 
During t h i s  t ime ,  and a  month J. A. ReplogSe s p e n t  a t  ILRI (September) ,  
abou t  s i x  of n ine  c h a p t e r s  f o r  an a z r i c u l t u r a l  handbook on f2umes were 
d r a f t e d .  Also p a r t l y  d r a f t e d  was a  book c h a p t e r  f o r  "Advances i n  --- 
I r r i g a t i o n "  t o  be e d i t e d  by Dan H i l l e l .  

S e v e r a l  thousand c o p i e s  of Farmers B u l l e t i n  Nunber 2268 have been d i s t r l -  
bu ted  and t h e  demand is  s t i l l  l i v e l y .  

Broad-cres ted w e i r s ,  which a r e  h y d r a u l i c a l l y  r e l a t e d  t o  l o n g - t h r o a t e d  
f lumes ,  a r e  c o n t i n u i n g  t o  be .c.rell s u i t e d  t o  i r r i g a t i o n  c a n a l  a p p l i c a t i o n s .  
The f l e x i b i l i t y  i n  s i z e ,  l i b e r a l  c o n s t r u c t i o n  t o l e r a n c e s ,  and low h e a d - l o s s  
requirements permit  t h e n  t o  be r e t r o f i t t e d  t o  most c a n a l  sys tems  and c a n a l  
shapes .  The computer modeling t e c h n i q u e s ,  p r e v i o u s l y  used t o  d e v e l o p  a 
s e r i e s  of recommended broad-cres ted wei r  s i z e s  f o r  s m a l l  farm c a n a l s ,  h a s  
been extended t o  l a r g e r  s i z e s ,  up t o  300 c f s ,  and t o  many u n l i n e d  c h a n n e l  
a p p l i c a t i o n s .  

Major new d e s i g n s  and c o n s t r u c t i o n s  i n c l u d e  t h e  recommendations f o r  broad- 
c r e s t e d  v a i r  s i z e s  s u i t e d  t o  sewer f l o w s ,  o r  o t h e r  c i r c u l a r  p i p e s  f l o w i n g  
p a r t l y  f l i l l ;  r c c  t a n g u l a r  b road-c res ted  w e i r s ,  p r i m a r i l y  recommended f o r  
u n l i n e d  c a n a l s ;  and a  s e r i e s  of s m a l l  p o r t a b l e  f lumes s u i t e d  t o  fu r row 
f l o w s  a;ld -rail.water moni.toring . 
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The c i r c u l a r  s t y l e s  were used a s  p a r t  of a c o o p e r a t i v e  e f f o r t  wi th  o t h e r  
a g e n c i e s  t o  moni to r  t h e  disposition of i r r i g a t i o n  c t ive rs ions  and t h e  ef  Eec t 
o f  i n t e n s i v e  on-farm p r a c t i c e s  on t h i s  d. i .sposit ion.  The r e c t a n g u l a r  ve r -  
s i o n s  a r e  a r e s u l t  oE e f f o r t s  t o  a d d r e s s  f low measurement n e e d s  Eor u n l i n e d  
c a n a l s .  

Twenty o r  more f lumes i n  l i n e d  c a n a l s  were i n s t a l l e d  i n  t h e  on-farm p a r t  oE 
t h e  s t u d y  n e a r  Parker ,  Arizona,  on I n d i a n  l a n d s .  T h i r t y  more f lumes of 
v a r i o u s  s t y l e s  from t r i a n g u l a r  t o  c i r c u l a r  were i n s t a l l e d  a t  s t r a t e g i c  
d r a i n a g e  p o i n t s .  

For t h e  r e c t a n g u l a r  f lumes,  t a b l e s  a r e  p resen ted  i n  g e n e r a l i z e d  form i n  
terms of d i s c h a r g e  per  u n i t  wid th  and a s  a  f u n c t i o n  .of s i l l  h e i g h t .  The 
e f f e c t s  of narrow weir  openings  a r e  accounted f o r  by o f f e r i n g  d i f f e r e n t  
t a b l e s  f o r  pre-determined ranges  of we i r  width.  

Rep log le ,  J. A . ,  Clemmens, A. J., and B e l l ,  E. D. 1980. A  method and 
a p p a r a t u s  f o r  measur ing r a t e  of f low i n  channe l ized  f l o w i n g  
b o d i e s  of wa te r  such a s  i r r i g a t i o n  c a n a l s .  U.S. P a t e n t  4,195, 
519. A p r i l  4, 1980. 

PERSOSNEL: J. A. Replog le ,  A. J. Clemmens -- 

Annual Report of the U.S. Water Conservation Laboratory



Table  1. Side Slopes f o r  V-shaped Flumes 

Design Construe Led 
Q .; +. , 4: 
$2-  .. - 7f Sides loge  S ides lope  

1%-3 7 
73-25R-15 
73-3 6-2 8 
73-36-34 
90-Tyson Wash 
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,* sable 2. Sill Mdth for Pipe Flumes 

Pipe Design Design Constructed Computed 
Site ?, D i a n e t e r  Sill Height Sill Width Sill Width Sill Height Location . ...----- 

(inches) (inches) ( inches ) (inches) (inches) 

54;5 30 concrete 6.0 24.0 23.75 5.84 2 7L 
(55)**36 concrete 7-2  28-8 26.75 5.95 27R-4-2 

r n  
4 30 concrete 6.0 24.0 23.25 5.52 73-25k-23 
6 9  24 metal 4.8 19.2 20.75 5-97 7 3-25R-3 
71* 36  concrete*^^* 7.2(6.0) 28.8(24.0) 26.2'5 5.68 73-3 6-7 

7 2  20 C F ~ M W  6.0 24,O 24.75 6.52 73-3 6-7-1 
73 36 concrete 7.2 28.8 30 8*05 73-36 
75 2 4 B ! P  4.8 19.2 19.75 4.83 73-3 6-20 
77 24 QIP 4.8 19.2 15.75 4.51 73-25R 

25 =ese f l u ~ e s  are not operating satisfactorily and need to be modified. 

:+* T h i s  flcne was replaced with a V-flume in the channel downstream. 

.L .'. .. T h i s  p i s e  was shown as a 30-inch pipe in the drawings resulting i n  too 
lox of a sill. 

.A ;.: $t 9; Corrugated metal pipe. 
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~ - 3 .  -,,"le 3 .  Other Fleasuri'ng Devices I n s t a l l e d .  

. i? Plume S t y l e  Comments o r  dimensions Locat ion ----- 
S 1 Rectangular E C W  

6 3 Rzc t angu la r  sharp- 
c r e s t e d  weir  

6 7 17 ~ r z p e z o i d a l  ECW 

7 0 " 
LWO r ec t angu la r  
sharp-crested 
xieirs 

7 9 Xectangulnr sharp- 
c r e s t e d  weir 

3 0 Rectangular BCW 

Sheet metal flume on concre te  
w a l l  not y e t  cons t ruc ted  

Approach s e c t i o n  b u i l t  
(4.5' wide, 2.0' high) weir  
p l a t e  i n s t a l l e d  

Flume EB2 i n s t a l l e d  i n  e x i s t i n g  
concrete- l ined d i t c h  

Approach s e c t i o n s  b u i l t  
(2 at  2.0' wide, 25' high)  
weir  p l a t e  i n s t a l l e d  

Weir i n  drop box not s t a r t e d  
(6.0' ~ J i d e ,  3.5' high) 

Rectangular flume i n  drop box 
b - 4' ,  x~ 2' ,  Xb = 4', 
x, = O' ,  p1  = 2 '  

Rectangular flume i n  
t r apezo ida l  chute  
bl = 3 ' ,  I 1.1 b = 3 ' ,  
"L = 2'9", Xf, = 3 ' ,  = I t P  

Tunnel 
was t ermy 

27R-36 

7 9 

73-25R 

9 0 

90-56 

J. 
*. i:roc?r?--crested weir. 
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Table  4 .  Discharge R e l a t i o n s h i p s  f o r  P ipe  P l u m s  ( U n i t s  a r e  i n  cfs an6 f t ) .  

S i l l  Height ,  EIiniinum Design Maximum E n t r a n c e  

P 1 Discharge  Equa t ion  Maximum Discharge IIcac! Loss I'fead Loss  Area C o n t r o l  
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' i l ~b l c  5" 'Jr.lt width d:schar~zc ir l i t e r s  pcr  seco td  per cctcr  of vl.ltl~ for rec tu tgz12r  k.rosd-crested 
v e i r s .  Px~l:lp Iccgtlis (not t s 5 d e t e d )  equals  3 p l  

0.024 
0.029 
0.034 
0.033 
0.041 
0.045 
0.049 
0.052 
0.060 
0.067 
0,074 
0.080 
0.087 
0,093 
0.098 
0.104 
0.110 
0.115 
0.120 
0.125 
0.135 
0.144 
0.153 
0.161 
O+l7O 
0.178 
0.185 
0.193 

All  = 0.022 m 
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2 0 
4 0 
GO 
00 

100 
120 
140 
160 
: 80 
200 
250 
3GO 
350 
400 
450 
500 
550 
GOO 
650 
7 00 
750 
800 
850 
900 
950 

1000 
1100 
1200 
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Table 5. Channel and Flume Dimensions and Resul t ing  Aspect Ra t io s  
f o r  RectanguLar Flumes. 

Maximum Range of 
c a n a l  s i l l  

iJic-!rh range,  b deptl1,d he igh t s  P b/d Pld b l ( d - ~ )  
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F igu re  I. k&d-cres ted w e i r  in a p i p e  f lowing  partly f u l l .  
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TITLE: HATHEMATICAL MODELING OF BORDER IRRIGATION EIYDRhULICS 

NRP : 20740 CRIS VORK UNIT: 5520-20740-003 

S i g n i f i c a n t  progress  has been made over the  l a s t  s e v e r a l  yea r s  on the  deve- 
lopment of mathematical models and t h e i r  a p p l i c a t i o n  t o  border  i r r i g a t i o n .  
The z e r o - i n e r t i a  border i r r i g a t i o n  model developed by S t r e l k o f f  and 
Katapodes has been c o n t i n u a l l y  r e f i n e d  and improved. We have rece ived  
nunerous r e q u e s t s  f o r  the  model, p r imar i ly  from u n i v e r s i t y  p r o f e s s o r s  and 
r e s e a r c l ~ e r s .  The model has tremendous p o t e n t i a l  a s  both a r e s e a r c h  and a 
des ign  t o o l .  Some a d d i t i o n a l  work w i l l  be necessary' t o  produce a model 
t h a t  i s  documented axid r e l i a b l e  enough t o  be use fu l  t o  those no t  thoroughly 
f a m i l i a r  wi th  the  model d e t a i l s .  

Work has  begun or! furrow i r r i g a t i o n  modeling* Two models were developed a t  
Davis, C a l i f o r n i a ,  a  complete model and a ze ro - ine r t i a  model. These models 
c o c s i s t  only of the  advance phase; however, comparisons wi th  f i e l d  d a t a  
show e x c e l l e n t  r e s u l t s D  An a n a l y s i s  was performed on methods f o r  e s t i -  
mating i n f i l t r a t i o n  i n  furrows.. The r e s u l t s  wi1.l be publ ished i n  a Ph.D. 
d i s s e r t a t i o n  a t  Davis, Ca l i fo rn i a .  Fur ther  work w i l l  be r equ i r ed  t o  extend 
t h i s  work t o  cover a l l  phases of an i r r i g a t i o n *  

R e s u l t s  of Nodeling E f f o r t s  

A nuaber of r e s u l t s  have been produced by the  ze ro - ine r t i a  model. These 
can be caccgorized a s  d i r e c t  r e s u l t s  and i n d i r e c t  r c s u l t s e  The d i r e c t  
r e s u l t s  can be obtained i n  e i t h e r  dimensional o r  non-dimensional terms. 
The r e s u l t s  a l r eady  obtained a s  wel l  a s  those being worked on a r e  sun- 
marized below. 

The d i r e c t  r e s u l t s  f o r  l e v e l  bas ins  have been pr imar i ly  i n  nondimensional 
terms. These inclrxde advance curves ,  maximum advance d i s t a n c e ,  r e c e s s i o n  
curves  ( f o r  f i e l d  l eng ths  longer  than maximum advance d i s t a n c e )  and maximtux 
f low depth,  Comparisons wi th  the  SCS border i r r i g a t i o n  harlclbook produced a 
v a r i e t y  of r e s u l t s .  For flow depths,  t he  SCS s o l u t i o n s  ranged from 20% 
high  t o  20% low depending upon in£-Ll t ra t ion .  For the  des ign  curves  i n  
terms of u n i t  flow r a t e ,  f i e l d  l eng th  and a p p l i c a t i o n  e f f i c i e n c y ,  t h e  SCS 
s o l u t i o n s  were c lose  i n  many cases .  Hovever, f o r  extreme c o n d i t i o n s  they  
were u s u a l l y  q u i t e  a  b i t  oEf and t h e i r  curves had the  wrong t r e n d ,  This  
proiilpted f u r t h e r  a n a l y s i s  u t i l i z i n g  i n d i r e c t  r e s u l t s .  

For s lop ing  borders ,  s o l u t i o n s  have been presented f o r  the  advance curve,  
t h e  maximum advance d i s t a n c e  and the  subsurface p r o f i l e  i n  nond.hens iona l  
terms* I n  dimensional. terms, soue comparisons t o  the SCS border  i r r i g a t i o n  
handbook have been made. The r e s u l t s  were somei~hak inconc lus ive  s i n c e  t h e  
a t t a i n a b l e  e f f i c i e n c i e s  cannot be detlermined f o r  llhe SCS des ign  c h a r t s .  
l k s i g n  c h a r t s  a r e  being prepared f o r  s lop ing  borders  which w i l l  i nc lude  
ponded water depths.  An a n a l y s i s  of runoff  on s loping  borders  is  a l s o  
being made. 
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A set of des ign  curves f o r  l e v e l  bas ins  has been developed which essen- 
t i a l l y  r ep l aces  t h e  SCS design curves on l e v e l  basins .  This  r e p r e s e n t s  an 
i n d i r e c t  s o l u t i o n  from the  model. This  s o l u t i o n  has s e v e r a l  advantages 
over  t he  SCS des ign  curves.  F i r s t ,  it can be used wi th  a  much wider range 
of i n f i l t r a t i o n  conclitions. Second, i t  e s t a b l i s h e s  maximum bas in  l eng ths ,  
Problems had been encountered i n  t he  f i e l d  where bas ins  designed from t h e  -. 
SCS hanclbook were too long* I n  one case ,  t he  bas ins  were about tw ice  as 
long as they should have been. 

Vork has s t a r t e d  on producing s i m i l a r  r e s u l t s  f o r  s lop ing  borders .  The 
so l t i t i ons  a r e  more complex due t o  t he  a d d i t i o n  of an e x t r a  v a r i a b l e  ( s lope )  
and the  end cond i t i ons  (open o r  blocked end). A d e t a i l e d  d i s c u s s i o n  on the  
dimensional  a n a l y s i s  f o r  developing these  i n d i r e c t  r k s u l t s  f o r  s lop ing  bor- 
d e r s  Ls being prepared. 

Level  Bash  Evalua t ion  

Nethods have been developed f o r  e s t ima t ing  the  (water)  d i s t r i b u t i o n  uni for -  
mity i n  l e v e l  bas ins  from measurements taken during an i r r i g a t t o n -  Z'wo 
c a s e s  a r e  d i s t i ngu i shed :  1 )  i n f i l t r a t i o n  fo l lows  a  poi?er func t ion ;  2) 
i n f i l t r a t i o n  fo l lows  a  power func t ion  i n i t i a l l y  and then changes t o  a  
c o n s t e n t  i n f i l t r a t i o n  r a t e  (branch func t ion ) .  For a power func t ion ,  a  
g r a p h i c a l  s o l u t i o n  was developed f o r  t he  d i s t r i b u t i o n  uni formi ty ,  DU, 
(minimum'average depth i n f i l t r a . t e d )  i n  terms of - a ,  h,  and t t /tn, where a is  
t h e  exponent f o r  the  power i n f i l t r a t i o n  func t ion ,  h  i s  the  exponent for-the 
power advance func t ion ,  t t  is  t h e  advance time and t, i s  t h e  minimum 
i n f i l t r a t . i o n  oppor tuni ty  time. For the  branch i n f i l t r a t i o n  func t ion ,  t he  
s o l u t i o n  f o r  DU i s  found from 

where if is  the f i n a l  i n f i l t r a t i o n  r a t e ,  zg i s  t h e  gross  o r  average depth  
of water  appl.ied ard tt and h  a r e  a s  def ined above. 

The a p p l i c a t i o n  e f f i c i e n c y  i s  determined by the  management of t h e  system. 
A good des ign  w i l l  yield a  high d i s t r i b u t i o n  uni formi ty  and w i l l  make 
management e a s i e r ,  

I n f i l t r a t i o n  Funct ions 

One of t he  most ilnportant consideraLions i n  the design and management of 
s u r f a c e  i r r i g a t i o n  sys terns i s  i n f i l t r a t i ~ ~ . .  I n f i l t r a t i o n  theory ,  however, 
has  been unable t o  p r e d i c t  i n f i l t r a t i o n  under a c t u a l  f i e l d  cond i t i ons .  
This  i s  due t o  the  complex n a t u r e  of a c t u a l  s o i l  systems, s p a t i a l  v a r i a h i -  
l i t y  i n  s o i l  p r o p e r t i e s ,  su r f ace  cond i t i ons ,  e t c .  ' F o r  t h i s  reason ,  most 
work of a p r a c t i c a l  na tu re  i n  t he  i r r i g a t i o n  f i e l d  r e l i e s  on empi r i ca l  
i n f i l t r a t i o : ~  equat ions.  However, f o r  p red ic t ing  r e l a t i v e  changes i n  
i n f i l t r a t i o n  over the i r r i g a t i o n  season, i t  would be u s e f u l  t o  have an 
i n f i l t r a t i o n  equat ion w2th a  t h e o r e t i c a l  base. This is  not  always 
p r a c t i c a l .  
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Nine i n f i l t r a t i o n  equat ions  were s e l e c t e d  f o r  ana lys i s .  F i e ld  d a t a  from 
s e v e r a l  sources  was f i t  t o  t h i s  da t a  with a  curve f i t  program ( A r b i t r a r y  
Curve F i t )  f o r  both curnubt ive  i n f i l t r a t i o n  and i n f i l t r a t i o n  r a t e  ve r sus  
t ime. These equat ions  a r e  given i n  Table 1 where z i s  t h e  cumulat ive 
i n f i l t r a t i o n  depth,  t i s  the  i n f i l t r a t i o n  oppor tuni ty  time, k ,  a ,  c ,  t f ,  
and tc a r e  cons t an t s ,  e  = 2.18, I n  is the  n a t u r a l  logari thm and Atan is  t h e  
a rc t angen t  i n  rad ians .  

The average r e g r e s s i o n  c o e f f i c i e n t s  f o r  these  n ine  func t ions  f o r  21 s e t s  of 
r i n g  d a t a  taken a t  a  wide v a r i e t y  of s i t e s  i s  given i n  Table 2. These a r e  
l i s t e d  i n  the  o rde r  oE h ighes t  t o  lotrest  t o t a l  average r e g r e s s i o n  coef-- 
f i c i e n t  f o r  both cumularive i n f i l t r a t i o n  and i n f i l t r a t i o n  r a t e .  hZso 
l i s t e d  a r e  t h e  number of parameters requi red  i n  t he -equa t ions .  S imi l a r  
r e s u l t s  art? ob ta ined  f o r  the  r e s u l t s  of border i r r i g a t i o n  s t u d i e s  a t  two 
s i t e s  3s shown i n  Table 3. These r e s u l t s  a r e  not completed and have n o t  
been f u l l y  analyzed * 

It i s  a coninon p r a c t i c e  i n  t he  i r r i g a t i o n  hydraul ics  f i e l d  t o  p l o t  
i n f i l t r a t i o n  d a t a  (both cumulative and r a t e )  on log r i thmic  axes.  A b e s t  
f i t  l i n e  through t h e  da t a  then g ive  an e s t ima te  of t h e  i n f i l t r a t i o n  func- 
t i o n  i n  terms or' a  power func t ion  (Kostiakov equat ion) .  I n  e f f e c t ,  t h i s  
technique i s  equiva len t  t o  minimizing the  sum of t h e  squares  of t h e  d i f -  
f e r e n c e s  between the  Logrithmic values.  This has the e f f e c t  of weight ing 
the  va.?.ues t o  o b t a i n  a  b e t t e r  f i t  throughout t he  e n t i r e  t i m e  range. Thus 
t h e  log?c:ithrnic va lues  of t he  da t a  were used i n  the  curve f i t  a n a l y s i s .  

I n  determining which func t ion  t o  use,  i t  i s  important t o  ana lyze  t h e  n a t u r e  
of each equat ion.  Thc Kostiakov equat ion  i s  a  power func t ion .  It appears  
t o  be a good f i t  except  f o r  low i n f i l t r a t i o n  r a t e  s o i l s  a t  Jon8 times Which 
tend toward a cons tan t  i n f i l t r a t i o n  r a t e  ( f o r  the  power func t ion  the  
i n f i l t r a t i o n  r a t e s  goes t o  zero) .  The Kostiakov branch and ~nod i f i ed  func- 
t i o n s  were devised t o  account f o r  t h i s ,  bn t  r e q u i r e  an a d d i t i o n a l  
parameter.  The SCS func t ion  adds an e x t r a  parameter which curves  t he  cumu- 
l a t i v e  i n f i l t r a t i o n  curve i n  t he  r i g h t  d i r e c t i o n ,  but does no t  change t h e  
i n f i l t r a t i o n  r a t e  curve. Thus it adds an a d d i t i o n a l  parameter wi th  l i t t l e  
e f f e c t .  The Eorton cquat ion  is  an exponent ia l  equat ion.  It does a  poor 
job of f i t t i n g  the  da t a ,  p a r t i c u l a r l y  s i n c e  the  i n f i l t r a t i o n  r a t e  at t i m e  
z e ro  approaches a  cons tan t  r a t h e r  than InE in i ty*  l%e Borton modified 
equat ion  f i t s  ~rhe daea b e t t e r ,  but s t i l l  has t he  same fundamental wealcness. 

The t h e o r e t i c a l  equat ions  ( P h i l i p  and Green-Ampt) do a  f a i r  job of f i t t i n g  
t h e  da t a ,  but  n o t  a s  good as  the empir ica l  func t ions .  Even though t h e r e  2s  
no s t a t i s t i c a l  dTffccence, t he  o the r  func t ions  cont- inual ly out rank  t h e s e  
f o r  a  major i ry  of t h e  clata. The Collis-George equat ion  is an  a t t e n p t  to  
modify the  P h i l i p  cquat ion  t o  f i t  t he  d a t a  b e t t e r .  It seems t o  do an 
e x c e l l e n t  job* 

A v a r i e t y  of conclus ions  can be drawn about t h i s  a n a l y s i s .  For u se  i n  
i r r i g a t i o n  s t u d i e s  mjr reconmendations a r e  a s  fol lows.  The Kostiakov o r  
power func t ion  equat ion can be used with suEEicient accuracy f o r  many con- 
d i t i o n s  encountered. St has s u f f i c i e n t  accuracy and only c o n t a i n s  two 
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parameters .  For s i t u a t i o n s  where the  i n f i l t r a t i o n  r a t e  main ta ins  a r e l a -  
t i v e l y  cons t an t  va lue ,  an a d d i t i o n a l  parameter can be added t o  the  
Kostiakov f ~ ~ n c t i o r l  t o  form the modified o r  branch func t ion .  I p r e f e r  t h e  
branch furlction which has some advantages a n a l y t i c a l l y .  I f  r e s u l t s  of a  
more t h e o r e t i c a l  na tu re  are d e s i r e d ,  a  tremendous amount of r e sea rch  is  
requ i r ed  t o  r e l a t e  the c o e f f i c i e n t s  i n  t hese  equat ions  t o  phys i ca l  
parameters .  Actua l ly  measuring these  parame t e r s  t o  p r e d i c t  the  i n f i l t r a -  
t i o n  f o r  an i r r i g a t i o n  i s  a  major problem. 

Slopin;; Border Optimizat ion 

F inding  optimum des igns  f o r  s lop ing  i r r i g a t i o n  borders  i s  no t  very  
s t r a i g h t f o r w a r d +  The major design parameters a r e  s l b p e  and f i e l d  length .  
Obviously t h e  optimum s lope  is  very much a f f e c t e d  by the  e s i s t i n g  ground 
s lope .  For r e l a t i v e l y  s t e e p  s lopes ,  minor changes i n  s lope  have very 
l i t t l e  e f f e c t  on the design o r  opera t ion .  For mild s lopes ,  t hese  changes 
can  cause major d i f f e r e n c e s *  The i n f i l t r a t i o n  r a t e  i s  a major f a c t o r  i n  
any i r r i g a t i o n  system des ign*  For l e v e l  bas ins ,  a decrease i n  i n f i l t r a t i o n  
magnitude always improves the  d i s t r i b u t i o n  uni formi ty*  For s lop ing  
bo rde r s ,  it can cause e i t h e r  a decrease  o r  an inc rease  i n  uni formi ty .  The 
e f f e c t s  of f i e l d  l eng th  w i l l  be analyzed at another  time. 

AS an example, an a n a l y s i s  f o r  determining the  optimum s lope  f o r  a  mi ld ly  
s l o p i n g  ponded border  w i l l  be made. The s i t u a t i o n  chosen c l o s e l y  resembles 
a n  e x i s t i  ng f  i e l d  on the  McDonnell-PicElhaney farm near Wellton, Arizona. 
The s o i l  i s  a  Dateland sandy loam. The i n f i l t r a t i o n  r a t e s  va r i ed  con- 
s i d e r a h l y  f o r  t he  two conilit;ions run. The f i e l d  l eng th  was 600 f t .  The 
c rop  was a l f a l f a .  The ze ro - ine r t i a  model was run t o  determine the  maximm 
p o t e n t i a l  e f f i c i e n c y  a t  100% adequacy f o r  f i v e  d i f f e r e n t  s lopes  and two 
i n f i l t r a t i o n  func t ions .  Changes i n  crop condi t ions  (roughness)  were no t  
analyzed.  The p a r t i c u l a r s  a r e  a s  f o l l o s s :  Manning n  = 0.15, f i e l d  l e n g t h  
= 600 f t . ,  de s i r ed  depth i n f i l t r a t e d  = 3 in . ,  i n f i l t r a t i o n  exponent = 0.6, 
t n f i l t r a t i o n  nlagnitude, k = 2 and 3 in /h ra ,  and s lope  = 0-000, 0.025, 
0.050, 0.075 and 0.100%. The r e s u l t s  a r e  given i n  F igures  1 and 2. 

The curves  i n  F igure  1 show a  c o n s i s t e n t  t rend of h igher  p o t e n t i a l  e f f i -  
c i e n c i e s  f o r  s t e e p e r  s lopes  f o r  t h e  lower flow r a t e s .  For t h e  h igher  flo-t; 
r a t e s ,  t he  t rend begins co reverse .  This is  e a s l l y  explained.  For t h e  
r i s i n g  portiort  of t hese  curves (lower flow r a t e s ) ,  t h e  upper end of t h e  
f i e l d  i s  being o v e r i r r i g a t e d .  Near the  peak of t he  curve,  both t h e  upper 
and lower ends a r e  o v e r i r r i g n t e d ,  and during the  f a l l i n g  po r t ion  of t h e  
cu rve ,  t h e  lower end is being o v e r i r r i g a t e d .  For l e v e l  bas ins  ( s lope  = 
O.O), t h e  upper end i s  always o v e r i r r i g a t e d ,  thus  t h e  curve i s  c o n t i n u a l l y  
r i s i n g .  The c c ~ v e s  f o r  5 = 0,050 and C3,025% peak a t  much h ighe r  flow r a t e s  
than  shown here.. Design based on t h i s  curve alone would r e s u l t  i n  a  r e l a -  
t i v e l y  high s lope .  

The s i t u a t i o n  i s  cons iderably  d i t f e r e n t  i n  Figure 2 .  The peaks f o r  t h e  
h ighe r  s l o p s  a r e  a t  very low flow r a t e s  and the e f f i c i e n c i e s  a t  t he  h ighe r  
flow r a t e s  a r e  extremely low. (The f l a t  por t ion  of t hese  curves  r e s u l t s  
from the  ponding of water over the  f i e l d  t o  a  l e v e l  t h a t  a l lows 3 inches  t o  
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i n f i l t r a t e  a t  the  upper end). There a r e  two ways t o  approach t h e  design.  
F i r s t ,  choose a  s lope  t h a t  always has  a high e f f i c i e n c y  and a d j u s t  t h e  flow 
r a t e  over the season. This  is  c u r r e n t l y  imprac t i ca l  due to  t he  complexi- 
t i e s  i n  determining i n f i l t r a t i o n  and the  range i n  flow r a t e s  r equ i r ed .  An 
a l t e r n a t e  way i s  t o  choose a  s lope  t h a t  w i l l  g ive  you a  reasonable  e f f i -  
c i ency  f o r  a  Eixed flow r a t e .  For example a  s lope  of 0.050% w i l l  y i e l d  an 
e f f i c i e n c y  of 75% a t  a u n i t  flow r a t e  of 0,075 c f s / f t  f o r  a l l  cond i t i ons .  
Xigher eEEic ienc ies  can be obtained wi th  moderate changes i n  flow r a t e .  

SUtQfARY A%D CONCLUSIONS 

The development trorlc on the  ze ro - ine r t i a  border i r r i g a t i o n  model is near ing  
complet ionn A f i n a l  model should be completed and f u l l y  documented by t h e  
end of 1981- So f a r ,  s e v e r a l  d i f f e r e n t  s o l u t i o n s  have r e s u l t e d  from t h e  
i n i t i a l  v e r s i o n s  of t he  model. These r e s u l t s  a r e  presented i n  g r a p h i c a l  
form and inc lude :  advancz, r eces s ion  and mximum water depths  i n  l e v e l  
bas ins ;  advance, maxisum advance d i s t a n c e  and subsurface p r o f i l e s  f o r  
s l o p i n g  borders ;  and des ign  a i d e s  f o r  l e v e l  basins .  Future  r e s u l t s  inc lude  
t h e  des ign  of s lop ing  borders  with runoEf with and without  punpback system 
and s lop ing  ponded borders .  A f txrow model is c u r r e n t l y  i n  the development 
s t a g e s ,  but  could be completed a s  e a r l y  as 1982. 

Other work i n  su r f ace  i r r i g a t i o a  r e l a t e d  t o  i r r i g a t i o n  modeling has  been 
done. Evalua t ion  techniques f o r  l e v e l  bas ins  have been developed, wh-ich 
g r e a t l y  sLmplify the  measurements requi red .  It has been shown t h a t  a t  the  
p r e s e n t  t ime t h e o r e t i c a l  i n f i l t r a t i o n  func t ions  have no advantage over 
e m p i r i c a l  func t ions .  Also, a numerical example is  given f o r  op t imiz ing  the  
c o n d i t i o n s  on a  s lop ing  border system (witit r e s u l t s  from t h e  z e r o - i n e r t i a  
model), which shows t h e  d i f f i c u l t y  of designing and managing such systems, 

Abdel ntihman, H., and Fangneicr ,  D. D. Design c h a r t s  f o r  ponded s lop ing  
borders .  Paper No. 80-2072w Presented a t  the 1980 Sumner meeting 
of the  ASAE, Snn Antonio, TX, June 15-18, 1980, 

Abdel Ratman, 8- Design c h a r t s  f o r  ponded s l o p i n g - i r r i g a t i o n  border .  
Presented  i n  p a r t i a l  f u l f i l l m e n t  of degree Doctor oE Philosophy i n  
S o i l s ,  kZtter and Engineering,  Univers i ty  of Arizona, Tucson, A%, 
2981, 

Clernmens, A. 3 .  Discussion o f :  "Dimensionless Solu t ions  of Border- 
I r r i g a t i o n  Advance," by N. K, ICatopes and T1 S t r e l k o f f  [Jour .  
I r r i g .  and Drain. Div., ASCE, 103(XR4):h3i-418. 1977,J Jou r .  
I r r i g  . and Drain. Div., ASCE, lO4(IIC3) :339-3rd. 1978. 

Clemmens, A- J., and D -  D, Fangmeier. Discussion 'of: "Border - - I r r iga t ion  
Hydraul ics  wi th  Zero I n e r t i a , "  by T. S t r e lko f f  and N, D. Ratopodes 
[ Jou r .  I r r i g .  and Drain. Div., ASCE* L03(IR3):32542, 1977-1 Jour .  
I r r i g .  and DraTn. Div , ,  ASCE, lO1i(IR3) :337-339. 1978. 
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Clemmens, A. J., and T. Strel-koff . 1979. Dimensionless advance f o r  
l e v e l  bas in  i r r i g a t i o n .  Jour .  I r r i g .  and Drain. Div., ASCE, 
105(XR3):253-273. 

Fangmeier, D-  D., and StreLkof f ,  To 1979. Mathematical Models and 
Border I r r i g a t i o n  Design. Trans. of the  ASAE. 22(1):93-99. 

Katopodes, Nikolaos DI , and S t r e l k o f f  , Theor. 1777. Hydrodynamics 
of  border  i r r i g a t i o n  - Complete model. Jour .  Xrrig.  and Drain., 
Dive ,  ASCE, 103(IR3):309-324. 

Katopodes, Nikolaos D. ,  and S t r e l k o f f ,  T l ~ e a d o r ~  1977. Dimensionless 
s o l u t i o n s  of b o r d e r - i r r i g a t i o n  advance. Jour .  . I r r i g *  and Drain. 
Div,,  ASCE, 103(5R4):401-417. 

Shatanawi., Pf. R. Analysis  and des ign  of i r r i g a t i o n  i n  s lop ing  borders*  
D i s s e r t a t i o n  presented i n  p a r t i a l  f u l f i l l m e n t  f o r  the degree of 
Doctor of Philosophy i n  Engineering,  Univers i ty  of C a l i f o r n i a  a t  
Davis,  Septenber 1980, 

S t r e l ?co f f ,  Theodor, 1977.. Algebraic  computation of flow i n  border  
i r r i g a t i o n .  Jour .  I r r i g .  and Drain* Div., ASCE, 103(IR3):357-377- 

S t r e lkoEf ,  T. Flow wi th  equ i l i b r ium i n  border i r r i g a k i o n *  Jou r ,  Xrrig.  
and Drain .  Div., AXE. (Acceptecl, but  postponed pending f u r t h e r  
clevelopment ) .. 

S t r e l k o f  E , Theodor, and Katopodes, Mikolaos. l377a. End depth under 
z e r o - i n e r t i a  cond i t i onsB  Jour ,  of t he  Uydraulics Di.v., ASCE, 
103 ( l W )  : 699-7x1. 

S t r e l k o f f ,  'iheodor, and Katopodes, Nilcolaos D, 1977bh Border- 
i r r i g a t i o n  hydrauLics wi th  zero i n e r t  i a .  Jour.  of t h e  I r r i g  , 
and Drain. Div., ASCE, 103(IB3):325-342. 

See Appendix f o r  a d d i t i o n a l  re ferences .  
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Table 1. Infiltration Functions 

Yunction Name Cumulative Function Rate Function 

- 
Kos t iakov 

Kos tiakov Branch 

Rost iakov Modi fied 

SCS 

Hor ton 

Worton plodif ied 

Philip 
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Table 2. Average Regression C o e f f i c i e n t s  Eor Ring Data 

Cumulative Rate # of 
Data Data T o t a l  Parameters  

Kostialiov Branch 0.3562" O.742lC 

Kostiakov Modified 0. 8563a 0.740W 

Collis-George 0,8584a 0. 73OlC 

SCS 0.3563" 0. 7273C 

Kos t.ialcov 0.8553" 0. 7273C 

. . . . . . . . . . . . . . . . . . . . . . . .  
XIorton Modif Led 0.83Lr2" 0,7034C 

P h i l i p  0.8273" 0.7043C 

Green-Ampt 0.8163a 0.6925C 

Eforton 0 . 7 5 4 0 ~  0 , 4 3 4 4 ~ ~  

a ,  b ,c  ,d - i n d i c a t e s  s t a t i s  t i c a l  s igniff .cance a t  5% level- 
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Table 3. Average Regression Coefficients for Border Data 

Cumulative 
Data 

?: of 
Parameters 

Kos tialcov Branch 0. 9600 3 

Kostiakov Hodified 

Collis-George 

SCS 

Kostiakov 

Ph:ilip 

Green-hpt 
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Fig .  1. Po ten tXL efYiciencrics f o r  d r y  condit-5.ons. 
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Fig .  2.  Po tentijl .efficiencies f o r  wet condi t ions .  
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TITLE: IRRIGATION WATER, CULTURAL PRACTICES, AND ENERGY ASPECTS OF 
CANTAT,OUPE PRODUCTION I N  ARID REGIONS 

NRI? : 20740 CRIS WORK UNIT: 5510-20740-003 

INTRODUCTION: 

I n  t h e  r e c e n t  p a s t ,  and c e r t a i n l y  i n t o  the  near  f u t u r e ,  increased  p re s su re  
w i l l  come from the  consumer f o r  b e t t e r  q u a l i t y  and more n u t r i t i o u s  vege- 
t a b l e s  a t  a  reasonable  cos t .  Arid r eg ions  of t h e  southwestern United 
S t a t e s  have a unique and o f t e n  envied p o s i t i o n  of beFng a b l e  t o  produce 
vege tab le s  out  of season when p r i c e s  a r e  genera l ly  high. However, growers 
f a c e  problems of increased  l abo r  and production c o s t s *  More important  i s  
t h e  urgency t o  conserve energy and n a t u r a l  resources e s s e n t i a l  i n  producing 
then ,  e.g., water ,  The consumptive use of water f o r  canta loupes  i n  t h e  
d e s e r t  a r e a s  of c e n t r a l  Arizona has been measured a t  about 46 cm (18 
i n c h e s )  whi le  i n  many cases  water appl ied  o r  de l ive red  t o  a  s i n g l e  crop has 
been double t h i s  amount. 

Alt ' r lo~~gh cons ide rab le  r e sea rch  has been done with s p r i n k l e r s ,  l i t t l e  e f f o r t  
has  been made t o  use e f f i c i e n t  leve l -bas in  systems, coupled v i t h  f l a t  o r  
n e a r l y - f l a t  p l an t ings ,  a p p l i c a t i o n  of smal l  amounts of water ,  and con- 
t i nuous  vegetab le  p r o d u c t i ~ n .  Sp r ink le r  i r r i g a t i o n  systems a r e  being use  
t o  reduce water requirements  f o r  germination, but high r e n t a l  o r  purchasing 
c o s t s  and energy c o s t s  a r e  making t h i s  approach l e s s  appeal ing.  Level- 
b a s i n  i r r i g a t i o n  is  one of t h e  few e x i s t i n g  a l t e r n a t i v e s  f o r  improving 
i r r i g a t i o n  e f f i c i e n c y  on a l a r g e  s c a l e  without i ncu r r ing  excess ive  energy 
c o s t s .  F l a t  p l a n t i n g s  have t h e  a d d i t i o n a l  advantages of poss ib ly  
i n c r e a s i n g  y i e l d s  wi th  higher  p l an t  populat ions,  reducing c u l t i v a t i o n  
p r a c t i c e s ,  improving s a l i n i t y  management, adapt ing t o  mechanical harvest: 
machinery, and shor ten ing  the  time period between t h e  ha rves t  and p l an t ing  
of ano the r  vege tab le  crop. 

A pre l iminary  t r i a l .  of p l an t ing  cantaloupes on small ,  s l i g h t l y - r a i s e d  
r i d g e s  o r  co r ruga t ions  was begun i n  A p r i l  of 1978. The r e s u l t s  were 
encouraging so i t  was decided t o  develop a  fu l l - s ca l e  f i e l d  expertment 
where d i f f e r e n t  i r r i g a t i o n  t rea tments  and p l an t ing  d e n s i t i e s  wi th  t h e  
cor rugated  p l an t ing  could be compared to  the convent ional  p l a n t i n g  methods. 
F i e l d  procedures,  r e s u l t s ,  and conclusions f o r  t h i s  work i n  1979 and 1980 
v i t h  sp r ing  canta loupes  a r e  presented i n  t h i s  annual r e p o r t .  

The o b j e c t i v e s  of th- is  new experiment a r e :  (1) t o  develop energy- 
conserv ing ,  leve l -bas in  i r r i g a t i o n  sys tems t h a t  more nea r ly  meet t he  
detcrinine? consumptive-use requirements without h inder ing  e f f e c t i v e  can- 
t a loupe  product ion i n  terms of y i e l d  and q u a l i t y ;  (2)  t o  determine i f  f l a t  
p l a n t i n g s ,  a long  with increased  p l an t  p o p u l a t i o n s ~  shortened ha rves t  
pe r iods ,  sad increased  number of cantaloupe crops per  year ,  can be used t o  
i n c r e a s e  o v e r a l l  cantaloupe production; and ( 3 )  t o  determine the  i n t e r r e l a -  
t i o n s h i p s  t h a t  these  changes w i l l  c r e a t e  r e l a t i v e  t o  procedures Ear 
p l a n t i n g ,  f e r t i l i z a t i o n ,  weed c o n t r o l ,  harves t ing ,  and i n t e n s i f i e d  
vege tab le  production. 
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Spring Cantaloupe - 1979 

FIELD PROCEDURES: 

The 1979 cropping season cons i s t ed  of four  p l an t ing /p l an t  popula t ion  
t rea tments :  (1 )  convent ional  bed a t  the  s tandard popula t ion ,  25 cm 
(10 inches )  w i th in  row and 150 cm (60 inches)  between rows; (2)  f l a t  
p l a n t i n g  a t  the s tandard  populat ion,  same p l a n t  dimensions; (3 )  cor ruga ted  
p l a n t i n g  a t  a  medium populat ion,  25 cm wi th in  row and 75 cnl (30 inches)  
between rows; (4 )  corrugated p l an t ing  a t  a high populat ion,  25 cm w i t h i n  
row and 50 cm (20 inches )  between rows. I r r i g a t i o n  t r ea tmen t s  were based 
on so i l -water  dep le t ion  i n  t h e  top  GO cm of s o i l ;  ( q )  i r r i g a t e d  when 65% of 
t he  s o i l  moisture was used, and (2) i r r i g a t e d  when 75% of t h e  mois ture  was 
used. The e i g h t  t r e a t x e n t  combinations were r e p l i c a t e d  f i v e  t imes i n  a 
randomized-block des ign  f o r  a t o t a l  of 40 p l o t s .  Each i n d i v i d u a l  p l o t  was 
6.7 m wide x 18.3 m 1ocg (22 x 60 f e e t ) .  The s i z e  of: c o r r u g a t i o n s  were 
approximately 6 cn (2.4 inches)  high and 20 cm (7.9 inches )  wide. 

Top Mark cantaloupe seed was p lan ted  and i r r i g a t e d  up f o r  a l l  p l o t s  on 
A p r i l  6. The corrugated p l an t ings  rece ived  5.6 c m  (2.2 i n c h e s )  on A p r i l  6  
and 4 - 1  cm (1-6  Inches)  on Apr i l  12, where t h e  s tandard  beds rece ived  7.6 
cm (3.0 inches)  on Apr i l  6 .  P l o t s  were thinned on May 10, and 4.9 cm (1.9 
inches )  of water was appl ied  t o  t he  f l a t  p l an t ing  and G.5 em (2.5 inches )  
of  water  was appl ied  t o  the s tandard  beds. On May 30, 6.5 cm (2.5 inches )  
of water was given t o  a l l  p lo t s .  Thereaf te r ,  water a p p l i c a t i o n  t o  the  
medium i r r i g a t i o n  t reatmeut  included 7.6 cm (3 -0  inches )  on June 8,  
June 18, June 27, and J u l y  9, and t o  the  dry t rea tment  c o n s i s t e d  of the 
same amount on June 11, June 22, J u l y  3, and J u l y  12.. A t o t a l  of 51.3 
(20,2 inches )  of i r r i g a t i o n  water and 0.21 cm (0.53 i n c h e s )  of p r e c i p i t a -  
t i o n  was received on a11 t rea tments  and a l l  p l an t  popula t ions  dur ing  the  
growing season* A l l  water a p p l i c a t i o n s  were measured wi th  a 10 cm (4  inch)  
propel le r - type  water meter. 

F e r t i l i z e r  a p p l i c a t i o n s  cons i s t ed  of 168 kg/ha (E50 I b / a c r e )  of ammonium 
phosphate (1.6-20-0) broadcast  over the  f i e l d  be lore  p l a n t i n g ,  122 kg/ha 
(109 l b / a c r e )  of urea  (46-0-0) a f t e r  th inning ,  and 122 kg/ha (109 l b / a c r e )  
of urea  a f t e r  e a r l y  runner.  The last two f e r t i l i z e r  a p p l i c a t i o n s  f o r  a l l  
p l o t s  were appl ied  along wi th  t h e  i r r i g a t i o n  water. The t o t a l  f e r t i l i z e r  
a p p l i e d  was 139 kg/ha (124 l b / a c r e )  of N and 34 kg/ha (30 l b / a c r e )  of P. 

Consumptive use was es t imated  from changes i n  s o i l  water  con ten t  a t  two 
s i t e s  wi th  two l o c a t i o n s  per  s i t e  f o r  the  medium and d ry  i r r i g a t i o n  t r e a t -  
ment wi th  the s tandard  p l a n t  popula t ion  on the  corrugated p l a n t i n g s .  S o i l  
mois ture  sampl.?s were taken t o  a  dcpth of 120 cm (4  f e e t ) .  

Cantaloupe ha rves t  commenced on Ju ly  2  f o r  the  s tandard  beds and on corru-  
gated p l a n t i n e s  on Ju ly  9. Harvest l a s t e d  u n t i l  Ju ly  25, and melons were 
s i z e d ,  counted, and graded t h r e e  t imes per week. Pour s i z e s  were de t e r -  
mined a s  juxbo 23, 27, 3G, o r  45, by use of a  prescr ibed  s i z i n g  template .  
These s i z i n g  numbers a r c  t he  number of melons t h a t  can be packed i n  a com- 
merc i a l  c r a t e  (56 x 33 x 33 cm) A 1 1  melons smaller  than  45, r o t t e n ,  s o f t ,  
ground spo t t ed ,  s l i c k ,  o r  s p l i t  were considered c u l l s *  
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RESULTS AND DISCUSSION: 

The 1979 nleasured seasonal  consumptive use was similar f o r  both medium and 
d r y  i r r i g a t i o n  t rea tments  and averaged 55.1 cm (21.7 inches ) ,  a s  shown i n  
F igure  1. This  is not  unreasonable s i n c e  both t rea tments  r ece ived  the  same 
amount of i r r i g a t i o n  water but  a t  d i f f e r e n t  da tes .  Water a p p l i c a t i o n s  were 
a t  l e a s t  6 t o  7 days l a t e r  f o r  the dry compared wi th  t h e  wet i r r i g a t i o n  
t rea tment  during the period of peak consumptive use r a t e .  The seasona l  
cons~rup t ive  use was nea r ly  i d e n t i c a l  to  the  t o t a l  water app l i ed  of  51.5 cm 
(20.7 inches  f o r  i r r i g a t i o n  water plus  p r e c i p i t a t i o n )  wi th  a sma l l  po r t ion  
of t he  consumpclve use coming from the s o i l  m o k t u r e  s t o r e d  i n  t h e  r o o t  
zone p r i o r  t o  p l an t ing .  

Yie lds  f o r  sp r ing  cantaloupes a r e  summarized i n  Table 1. The e f f e c t  of 
t iming  o r  scheduling of i r r i g a t i o n s  is  shown by a 25% i n c r e a s e  i n  
marketable  c r a t e s  per h e c t a r e  f o r  t he  w e t  over dry t rea tment .  This 
i n c r e a s z  was a l s o  s i g n i f i c a n t  i n  terms of t o t a l  f r u i t  and numbers of l a r g e r  
f r u i t  harves ted .  The lower product ion f o r  the dry compared t o  medium irri- 
g a t i o n  t reatment  can he a t t r i b u t e d  t o  pr imar i ly  t h e  a p p l i c a t i o o  of water  
t oo  l a t e  f o r  t he  s e t t i n g  and maturing of melons. 

L i t t l e  d i f f e r e n c e  i n  y i e l d  r e s u l t e d  between the  s tandard  beds and corru-  
gated p l an t ings  a t  t h e  convent ional  p l an t  population f o r  both medium and 
d ry  t rea tment .  Iiowever, on t h e  medium i r r i g a t i o n ,  doubling of p l a n t  popu- 
l a t i o n s  Increased  y i e l d s  by an  average of 27% over s tandard  populatj.ons. A 
y i e l d  oE approximately 1370 c r a t e s  per hec t a re  (555 c r a t e s  per  a c r e )  on the 
medium i r r i g a t i o n ,  corrugated p lan t ing ,  and medium p l a n t  popula t ion  t r e a t -  
ment is  excep t iona l ly  good, s i n c e  commercial y i e l d s  f o r  a s p r i n g  crop f n  
Arizona range from 370 t o  620 c r a t e s  per hec t a re  (150 t o  250 c r a t e s  per  
a c r e ) .  With t h f s  t rea tment ,  t he  total .  number of f r u i t  harves ted  increased  
by 49% and the  number of l a r g e r  f r u i t  increased  hy 23% compared wi th  medium 
i r r i g a t i o n ,  s tandard  populat ion t reatments .  T r i p l i n g  of melon popula t ions  
produced nea r ly  t he  number oE t o t a l  harvested f r u i t ,  but  marketable  y i e l d s  
were down because the  melons lacked s i z e  and the  number of c u l l s  increased .  

Spring Cantaloupe - 1980 

FIELD PROCEDUlUS: 

The 1980 cantaloupe cxperimenir. w a s  moved from f i e l d  "A" t o  f i e l d  "B" a t  the  
Mesa Exper imenf la rm,  Univers-ity oE Arizona, using the  same p l o t  layout  
except  t he  p l o t  width was 10 m (33 f e e t )  i n s t ead  of 6.7 n (22 f e e t ) .  This  
enabled the p l an t ing  of 257: more a rea  wfthin each i n d i v i d u a l  irr:lgat. 'tan 
p l o t ,  wh i l e  the  t r e a t m n t  combinations re?.tnined F11 a randomized-block 
des ign  wi th  f i v e  r e p l i c a t e s .  Cu l t i va r ,  water measurement, t h i n n i n g ,  s o i l  
mois ture  sampling, and harves t ing  procedures were i d e n t i c a l  t o  t hose  used 
i n  1979. P l an t ing ,  th inning ,  f i r s t  ha rves t ,  and fPnal  ha rves t  d a t e s  were 
A p r i l  11, May 20, Ju ly  7,  and Ju ly  25, r e spec t ive ly .  

An i n i t i a l  i r r i g a t i o n  f o r  t he  germination of seeds was given on A p r i l  1 4  
w i t h  t h e  corrugated p l an t ings  and srandard beds r ece iv ing  5.3 cm ( 2 - 1  

Annual Report of the U.S. Water Conservation Laboratory



i nches )  and 8.4 cm (3.3 inches )  of water ,  r e s p e c t i v e l y .  A second i r r i g a -  
t i o n  was given on 24 Apr i l  wi th  t he  cor rugat ions  and s tandard  beds 
r e c e i v i n g  4.3 cm (1.7 inches)  and 6.4 cm ( 2 - 5  inches)  of water .  The pur- 
pose of t h i s  i r r i g a t i o n  was t o  reduce s o i l  cracking near t he  young 
s e e d l i n g s  and s o i l  c r u s t i n g  i n  o rde r  t h a t  some deeper seeds might 
germinate .  On 14ay 22, a l l  p l o t s  were given an i r r i g a t i o n  of 7.9 cni (3.1 
i n c h e s )  of water  a f t e r  t l l inning was f in i shed .  The i r r i g a t i o n  t r ea tmen t s  
subsequent ly  i n i t i a t e d  with the  medium regime r ece iv ing  9.2 cm (3.6 inches)  
on June 6 ,  9.4 cm (3.7 inches)  on June 18, 9.9 cm (3 ,9  inches)  on June 30, 
and 5.1 cm (2.0 inches )  on 'Tuly 7. The t o t a l  i r r i g a t i o n  water app l i ed  was 
51.0 cm (20.1 inches )  on t h e  corrugated p l an t ings  and 56.2 cm ( 2 2 - 1  inches )  
on t h e  s tandard  beds f o r  t he  medium i r r i g a t i o n  t reatment .  The dry  i r r i g a -  
t i o n  t rea tment  was given 9-9 cm (3.9 inches)  on June' 10, 11.9 cm (4*7 
i n c h e s )  on June 26, and 5 * 1  cm (2.0 inches)  on J u l y  7, making a t o t a l  irri- 
g a t i o n  mi t e r  a p p l i c a t i o n  of 44.4 cm (17.5 inches)  on the  cor rugated  
p l a n t i n g s  and 49.6 ci3 (19.5 inches )  on the  s tandard beds f o r  t h e  d r y  
regime. P r e c i p i t a t i o n  smounted t o  0.56 cn? (0.22 inches )  dur ing  t h e  entire 
cropping season. 

F e r t i l i z e r  a p p l i c a t i o n  amounts were the  same i n  1980 a s  1979 wi th  ammonium 
phosphate broadcasted before  p l an t ing ,  urea  appl ied through i r r i g a t i o n  
water  a f t e r  th inning ,  and urea  appl ied  through the  i r r i g a t i o n  water  a f t e r  
e a r l y  runners .  The only d i f f e r e n c e  was t h a t  t he  second a p p l i c a t i o n  of urea  
was added t o  the cedium i r r i g a t i o n  t reatment  on June 6 and t o  t h e  dry  
t r e a t n e n t  on June 10. Powdery mildew d i sease  was observed on some p l o t s  
j u s t  be fo re  ha rves t ing  of t he  1980 sp r ing  cantaloupes which d id  not  occur  
on the  1973 sp r ing  cantaloupe.  Two a p p l i c a t i o n  of Benomyl fung ic ide  
[methyl l--(butylcarbamoyl) -2 benzimidazolecarbamate] were sprayed when the  
mildew f i r s t  appeared. The fungic ide  d id  not  e l imina te  t he  d i s e a s e ;  
however, tltc d i sease  problem was not: severe such t h a t  the  m~Ic3ns appeared 
t o  mature t o  f u l l  s i z e  on the  cantaloupe v ines*  

The 1980 measured seasonal  consumptive use was 43.1 cm (17.0 inches )  on t h e  
medium i r r i g a t i o n  t rea tment  and 39.7 cm (15*6 inches)  on t h e  dry  i r r i g a t i o n  
t rea tment .  These va lues  were lower i n  1980 than 1979 because tempera tures  
were coo le r  during t h e  sp r ing  of 1980. More water was app l i ed  ( i r r i g a t i o n  
water  p lus  p r e c 2 p i t a t i o n )  than  the  measured consumptive use,  about  8.5 cm 
(3.3 inches )  of water on t h e  medium treatment  and 10.5 (4.1 i nches )  on t h e  
d ry  t rea tment .  This a d d i t i o n a l  v a t e r  requirement was d e l i v e r e d  du r ing  ger- 
minat ion and plan? es tab l i shment ,  p a r t i c u l a r l y  with t h e  s tandard  beds. 
I r r i g a t i o n  water a p p l i c a t i o n s  could have been i-ecluced f u r t h e r  by c a r e f u l  
management and l i m t t i n g  a p p l i c a t i o n s  givev. f o r  t h e  r educ t ion  so51 c r u s t i n g  
arid c racking .  Soj.1 mo2sture samples i nd ica t ed  t h a t  t he  dry  i r r i g a t i o n  
t rea tment  was d e f i n i t e l y  d r i e r  than the mediura t rea tment  when blossoming 
and f r u i t  s e  t  commenced. 

The s tand  counts  a f c e r  t h inn ing  f o r  the  higher  populati-ons d id  not  q u i r e  
make t h e  requi red  numbers t o  be 2 and 3 times the  s tandard  popula t ion .  The 
medium popula t ion  averaged 48,500 p l a n t s  per hec t a re  r a t h e r  than  51,600; 
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and the  h igh  popula t ion  averaged 65,550 p l a n t s  per  h e c t a r e  i n s t e a d  of 
77,400. The s tandard  populat ion was very c l o s e  t o  t h e  p re sc r ibed  25,800 
p l a n t s  per  hec t a r e .  A summary of 1980 s p r i n g  cantaloupe p roduc t ion  based 
on t h e  a d j u s t e d  p l a n t  populatiorrs i s  presented i n  Table 2. With t h e  medium 
i r r i g a t i o n  t r ea tmen t ,  t h e r e  was a 12% i n c r e a s e  i n  marketable c r a t e s  per  
h e c t a r e  when popula t ions  were increased by a l i t t l e  more than  75%, whereas 
y i e l d  i nc reased  by 27% i n  1979 when popula t ions  were doubled* Product ion  
decreased  s l i g h t l y  wi th  t h e  h ighes t  p l an t  populat ion,  p a r t i c u l a r l y  for the  
d r y  i r r i g a t i o n  t rea tment ;  however, t he  y i e l d  r educ t ion  wi th  t h e  h i g h e s t  
popu la t i on  was no t  as g r e a t  i n  1980 a s  i n  1979. 

The medium i r r i g a t i o r .  t rea tment  had 35% more marketable  y i e l d ,  38% more 
f r u i t  of a s i z e  35 znd l a r g e r ,  15% more t o t a l  f r u i t ,  and 30% less c u l l s  
t han  t h e  d ry  t rea tmenr .  Many of t h e  c u l l s  i n  t h e  d ry  t rea tment  were good 
melons bur too  smal l  t o  be considered marketable.  It appears  t h a t  can- 
t a loupes  w i l l  no t  wi ths tand  water stress during f r u i t  set and e a r l y  f r u i t  
develo?ment. Yie lds  an t h e  med%um i r r i g a t i o n  t rea tment  averaged over 1200 
c r a t e s  per  h e c t a r e  (485 c r a t e s  per  ac re ) .  

SlJ$DIA.RY AND COWCLUSIONS : 

Spring can ta loupes  were produced under medium and dry  i r r i g a t i o n  t r ea tmen t s  
u s ing  convent fona l  beds wi th  s tandard  p l an t  popula t ions  and a  new, near ly-  
f l a t  c o r r u g a t i o n  t rea tment  wi th  s tandard ,  double,  and t r i p l e  popula t ions .  
Yield i n c r e a s e s  oE over  25% r e s u l t e d  from doubling of p l an t  popu la t i ons  i n  
t h e  s p r i n g  of 1979, whi le  marketable y i e l d s  i nc reased  by 12% i n  1980 when 
popu la t i ons  were not  q u i t e  doubled. The h ighes t  melon popu la t i ons  tended 
t o  decrease  y i e l d s  and q u a l i t y  f o r  both crops,  and t h e  dry  i r r i g a t i o n  
t r ea tmen t  reduced y i e l d s  by a  s i g n i f i c a n t  35% compared wi th  t h e  medium 
t rea tment  i n  2980, Seasonal consumptive use was measured at about  55 c m  
and 43 cm of water  f o r  sp r ing  cantaloupes i n  1979 and 1980, r e s p e c t i v e l y .  
The developnent  of high-population, corrugated p l an t ings ,  couplecl w i th  
e f f i c i e n t  l ave l -bas in  i r r i g a t i o n  systems, has  t h e  p o t e n t i a l  f o r  dec reas ing  
water  and energy requirements  . 

PERSONNEL: Dale An Bucks and Orr in  F. French (U. SI Water Conservat ion 
Labora tory) ;  W. D. Pew and TJ. L. Alexander (Un ive r s i t y  of 
Arizona, Nesa Experiment Farm) 
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Table 1. S m a r y  of spring cantaloupe yields (mean of 5 replications), 1979. 

Fiarketable No. Fruit Total KO Fruit 
Irrigation Planting Plant Crates per per Plot per Plot Percent 
Trea trnent Ke t ho d Population Hectare 36 & Larger Harvested Culls 

Medium Bcd 

Medium 

w Medium 
to 

Dry 

Corrugation 

Corrugation 

Corrugation 

Bed 

Corrugation 

Corrugation 

Corrugation 

-- - -- - 

Significant difference at 5% levelo 
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Table 2. Summary of spring cantaloupe yields (mean of 5 replications), 1980, 

Marketable No. Fruit Total goo Fruit 
Irrigation Planting Plant cratesper per plot: per plot Percent 
Treatment Method Fopulation Rectare 36 & Larger Ilarves t ed Culls 

Medium 

Xediun 

Medium 

Xediun 

Dry 

- - 

Bed 25,8001ha 1150.0 63 

Corrugation 25,80Q/ha 1149e5 6 1 

Corrugation 45,40O/ha* 1281.9 55 

Corrugation 67,10O/ha* 1287.1 6 2 

Bed 25,80O/ha 952.9 5 3 

Dry Corrugation 25,800/ha 954.4 5 1 76 13 

Dry- Corrugation 51,6001ha 920. G 46 100 2 8 

Dry Corrugation 64,00O/ha* 757,7 25 86 34 

** *** *** $&* 

* Kwubess adjusted became of less than adequate stands. 

* Significant difference at 5% level-  

* Significant difference at 1% level. 
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FIRST HARVEST 

FULL BLOOM 

6.0 - 

R U N N E R S  BEGIN 

Figure  1. Mean consumptive  u s e  c u r v e  fo r  medium and d r y  i r r i g n t t o n  t r e a t m e n t s  on s p r i n g  
c a n t a l o u p e s  u t  Mesa, Arizona,  1979. 
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a. 

FULL BLOOM 

RUNNERS BEGIN 

7J' 
T H I N N E D  

\ FINAL 

Figure 2. Mean consumptive m e  r u r v c  f o r  :r n k . c l i t ~ ! ~  1rrip.n t ion trrntmcnt on spr Lng cnntn?oupes 
nt Brun,  Artzuna.  1980. 
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TITLE: IRRIGATION WATER WNAGEMENT FOR RICE PRODUCTION IN THE 
SOUTHWESTERN UNITED STATES 

NRP : 20740 CRZS WORK UNIT: 5510-20740-003 

INTRODUCTION: 

Rice r e sea rch  was s t a r t e d  i n  1379 at two l o c a t i o n s  i n  Arizona (Yuma and 
Sa f fo rd )  and one i n  Ca l i fo rn i a .  The o b j e c t i v e s  of these  new experiments  
a r e :  (1) t o  determine r i c e  v a r i e t i e s  s u i t a b l e  f o r  an i n t e r m i t t e n t  i r r i g a -  
t i o n  schedule;  (2)  t o  eva lua t e  t h e  e f f e c t s  of i r r i g a t i o n  regime and 
p l a n t i n g  d a t a  on non-paddy r i c e  production; (3)  t o  dktermine water  requi re -  
ments and e s t ima te  consvnptive use  f o r  southwestern d e s e r t  c l ima te s ,  
u t i l i z i n g  leve l -bas in  i r r i g a t i o n  systemse 

Numerous books and m n u s c r i p t s  have been w r i t t e n  on r i c e  product ion.  Some 
of  t h e  more r ecen t  a r e :  X c e  Production ?fanual, IRRI, P h i l i p p i n e s  (1970); 
Cl imate and Rice, 1531, Ph i l ipp ines  (1976); Rice i n  t h e  United S t a t e s :  
V a r i e t i e s  and ProducZion, USDA-ARS, Handbook No. 289 (1973); Beed Control  
i n  the  United S t a t e s ,  Rice Production, USDA-ARS, Handbook Noo 437 (1977); 
S i x  Decades of n i c e  Research i n  Texas, Research plonograph 4 (1975); 
Rice: Product ion and U t i l i z a t i o n  (1980); and many o t h e r  a r t i c l e s  from t h e  -- 
Texas, Gulf Coast, and Cal iEornia  r i c e  growing a reas .  General ly  t h e s e  
p u b l i c a t i o n s  d e a l  wi th  paddy r i c e ,  l uxur i an t  water supp l i e s ,  and not  i n  
a r e a s  of low humidity,  high temperatures ,  o r  d e s e r t  a r e a s  such as Arizona 
o r  southern  Cal.ifornia. Rice provides a t h i r d  of t h e  wor ld ' s  popula t ion  
w i t h  more than ha l f  of t h e i r  c a l o r i e s  and nea r ly  ha l f  of t h e i r  p r o t e i n -  

J. C. O'Toole and T. T. Chang, I K R I ,  Ph i l i pp ines ,  i n  a chapter  t i t l e d ,  
"Drought Res is tance  i n  Cereals  - Rice: A Case Study," i n  t h e  book, 
S t r e s s  Physiology i n  P l a n t s  (1980) attempted t o  s t i m u l a t e  a g r e a t e r  appre- 
c i a t i o n  f o r  d r ~ u ~ h ~ r e s i s t a n c e  i n  r i c e  and t o  encourage more fundamental 
r e s e a r c h  of t he  soi l -plant-water  r e l a t i o n s h i p s .  Their  conclus ions  were: 
(1) t h e  e f f e c t i v e n e s s  of any at tempt  t o  improve drought r e s i s t a n c e  of r i c e  
n u s t  be based on a thorough knowledge o f ,  and apprec i a t ion  f o r ,  t h e  loca-  
t i o n a l  and temporal s p e c i f i c i t y  t h a t  c h a r a c t e r i z e s  a p a r t i c u l a r  drought 
cond i t i on ;  and (2 )  t h e  complexity of eco log ica l  cond i t i ons  t o  which r i c e  
has  adapted,  e s p e c i a l l y  t h e  breadth of hydro logica l  cond i t i ons  i n d i c a t e s  
t h a t  g r e a t  v a r i a b i l i t y  of water-related adap ta t ions  e x i s t  w i t h i n  the  
germplasm. They a l s o  pointed out  t h a t  drought: r e s i s t a n c e  i n  terms of. 
drought  avoidance and drought t o l e rance  should be considered toge the r  and 
n o t  a s  s e p a r a t e  o r  un re l a t ed  e f f e c t s .  

Farrners a r e  always looking f o r  new o r  a l t e r n a t e  crops v i t h  an econoaica l  
p o t e n t i a l ,  and the farmers i n  t h e  southwestern United S t a t e s  are no 
except ion .  With the  advent of level-basin i r r i g a t 5 o n  systems, s m a l l  app l i -  
c a t i o n s  of water  (3  t o  5 cm) can be appl ied  a t  high water  a p p l i c a t i o n  and 
d i s t r i b u t i o n  e f f i c i e n c y .  In t e r rn l t t en t  i r r i g a t i o n  scheduling,  coupled wi th  
leve l -bas in  p r a c t i c e s ,  could al low a continuous near -sa tura ted  s o i l  and 
would conserve both water and energy i n  terms of l e s s  pumping and l a b o r -  
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Elany l o c a t i o n s  i n  t he  southwestern United S t a t e s  have c e r t a i n  cha rac t e r -  
i s t i c s  conducive t o  r i c e  product ion such a s  long, warm growing seasons ;  
low-intake, s i l t y - c l a y  s o i l s ;  l eve l -bas in  i r r i g a t i o n  systems, e x c e l l e n t  
farm managers, and a need f o r  new, highly-mechanized, low-labor crops.  
Areas having these  c h a r a c t e r i s t i c s  where research  can be conducted a r e  
E l  Centro, C a l i f o r n i a ;  Yuma, Arizona; Safford,  Arizona; and many o t h e r  
l o c a t i o n s  i n  Arizona, C a l i f o r n i a ,  New Nexico, and western Texas. Although 
60 percent  of t he  annual American r i c e  crop of seven m i l l i o n  s h o r t  t ons  i s  
exported and the  a d d i t i o n a l  need f o r  r i c e  i n  the  United S t a t e s  a t  t h i s  t ime 
may be small ,  t he  f u t u r e  need f o r  expanded r i c e  product ion under d e s e r t  o r  
semi-arid cond i t i ons  i n  t h i s  country and throughout t h e  world, where water  
i s  l i m i t e d ,  i s  a  d e f i n i t e  p o s s i b i l i t y .  

E l  Centro, C a l i f o r n i a  , 

FIELD PROCEDURES: 

The primary purpose of t he  1979 and 1980 i n v e s t i g a t i o n s  a t  t h e  Imper i a l  
Val ley  F i e l d  S t a t i o n ,  E l  Centro, C a l i f o r n i a ,  were t o  i d e n t i f y  r i c e  
v a r i e t i e s  s u i t a b l e  f o r  d e s e r t  i r r i g a t i o n  p r a c t i c e s o  I n  t h e  1979 i r r i g a t i o n  
experiment,  50 v a r i e t i e s  were p lan ted  on I1 llay, 11 June, and 11 J u l y ,  
u s ing  four  i r r i g a t i o n  schedules  of paddy, 3-, 6-, and 9-days between water  
a p p l i c a t i o n s .  Each v a r i e t y  was planted i n  rows 2.4 m ( 8  f e e t )  long  on 
30 cm (12 inch )  c e n r e r s  and r e p l i c a t e d  four  t imes-  A seeding  rate of 8 
grams per row was used- Ordram (molinate ,  S-Ethyl hexahydro-1 
H-azepine-1-carbothioate) was app l i ed  a t  about 34 kg /hec t a re  (30 
pounds/aere)  as a p rep lan t  he rb i c ide -  Nitrogen f e r t i l i z e r  was a p p l i e d  a.t 
112 kg lhec t a re  (100 pounds/acre),  c o n s i s t i n g  of 32 kg p rep lan t ,  32 kg a t  
t i l l e r i n g ,  16 kg a t  e a r l y  boot ,  and 32 kg a t  l a t e  boot.  I n  a d d i t i o n  t o  t he  
50-variety s tudy ,  an i n t r o d u c t i o n  nursery  with about 1,300 v a r i e t i e s ,  an 
obse rva t ion  nursery  wi th  about 161 e n t r i e s ,  and a "blanking" experiment 
wi th  32 e n t r i e s  were grown t o  a s s i s t  i n  s e l e c t i n g  new v a r i e i t i e s  f o r  t h e  
1980 i r r i g a  t t o n  study. 

I n  t h e  1980 i r r i g a t i o n  experiment,  a new s e t  oE 50 v a r i e t i e s  w a s  p lan ted  on 
19  Apr i l ,  3.6 May, and 19 June under paddy, 3- and 6-day i r r i g a t i o n  regimes 
wi th  f o u r  r e p l i c a t i o n s .  Also, i t  was decided t o  s ee  i f  some of t h e  b e s t  
l i n e s  could be improved through n a t u r a l  s e l ec t ion .  To test t h i s  
hypothes is ,  seed was p lan ted  from about f i v e  v a r i e t i e s  o r i g i n a t i n g  from t h e  
paddy, 3- and 6-day i r r i g a t i o n  t rea tments  used i n  3.979. The l i n e s  handled 
i n  t h i s  rnanner were I R  22, I V  213, I V  330-1, I V  40, TI, and I R  1108-3-5-3-2- 

The hypothes is  of n a t u r a l  s e l e c t i o n  f o r  seed s e t  under cond i t i ons  of i n t e r -  
m i t t e n t  f looding  was f u r t h e r  t e s t e d  i n  a  50-variety n a t u r a l  s e l e c t i o n  
experiment.  Seed p lan ted  i n  t h i s  experiment was from v a r i e t i e s  t h a t  pro- 
duced seed i n  t he  9-day i r r i g a t i o n  t rea tments  as we l l  a s  from o t h e r  
v a r i e t i e s  capable of producing an apprec iab le  amoJnt of seed w i t h  minimum 
water  a p p l i c a t i o n s .  An in t roduc t ion  nursery with about 1200 v a r i e t i e s  and 
an  obse rva t iona l  nursery  wi th  about 70 v a r i e t i e s  having l i m i t e d  q u a n t i t i e s  
of seed a v a i l a b l e ,  were a l s o  p lan ted  i n  1980. 
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RESULTS AND DISCUSSION: 

Tables  1, 2, and 3 inc lude  information on seven c h a r a c t e r i s t i c s  f o r  50 
v a r i e t i e s ,  four  i r r i g a t i o n  t rea tments ,  and th ree  p l an t ing  d a t e s  i n  1979. 
V a r i a b i l i t y  e x i s t e d  among the  c h a r a c t e r i s t i c s ,  but  c e r t a i n  g e n e r a l i z a t i o n s  
can be made. I f  a l l  v a r i e t i e s  and t rea tments  a r e  considered,  t h e  e a r l i e s t  
o r  11 Play p l a n t i n g  da t e  performed bes t .  The main reason was t h a t  t h e  
reduced number of water a p p l i c a t i o n s  (from f lood t o  an i r r i g a t i o n  every 9  
J a y s )  delayed the  d a t e  of heading a s  much a s  30 days f o r  most l i n e s .  This  
l ong  de lay  i n  heading tended t o  extend the  growing period i n t o  t h e  f a l l  
where heading and/or ma tu r i t y  were impossible ,  thus  reducing y i e l d .  Date 
of  ma tu r i t y  was not obtained,  bu t  i t  appeared t h a t  t h e  reduced number of 
water  a p p l i c a t i o n s  a l s o  extended t h e  time between heading and ma tu r i t y .  

Decreasing the  nunber of i r r i g a t i o n s  a f f e c t e d  o the r  c h a r a c t e r i s t i c s  bes ides  
days t o  heading, For m a y  v a r i e t i e s ,  pan ic l e  e x s e r t i o n  was not  a f f e c t e d .  
However, when a f f e c t e d ,  e x s e r t i o n  was reduced a s  t h e  i n t e r v a l  between i rr i-  
g a t i o n  inc reased  (nimber of i r r i g a t i o n s  decreased) .  When d i f f e r e n c e s  i n  
g r a i n  type were found, t he  change w a s  toward a  s h o r t e r  o r  sma l l e r  g r a i n  a s  
l e s s  water  was appl ied .  No information was obtained on g r a i n  x ~ e i g h t ,  but  
t h e r e  appeared from v i s u a l  observa t ions  t o  be a  decrease  as water  appl ica-  
t i o n  decreased ,  hs might be expected, seed blanking (no seeds  i n  t h e  
glumes) increased  d r a s t i c a l l y  a s  less water was appl ied .  For many l i n e s  
blanking was 90 t o  100% i n  t h e  6-day and 9-day i r r i g a t i o n  t r ea tmen t s .  For 
some v a r i e t i e s ,  such as those from the  sou thcen t r a l  United S t a t e s ,  blanking 
w a s  90% o r  g r e a t e r  wi th  t h e  3-day i r r i g a t i o n  t reatment .  IIovever , important: 
d i f f e r e n c e s  were found i n  a v a r i e t y ' s  a b i l i t y  t o  s e t  seed wi th  a  lower 
number of water app l i ca t ions .  P l an t  he ight  and y i e l d  decreased as water  
a p p l i c a t i o n s  were reduced, and y i e l d  was c l o s e l y  r e l a t e d  t o  percent  
blanking.  

Eighteen l i n e s  were s e l e c t e d  from the  1979 i r r i g a t i o n  experiment f o r  
p l a n t i n g  i n  1980 i r r i g a t i o n  s tudy,  p r imar i ly  because they appeared t o  have 
reduced blanking and/or  good product ion over a  range of t rea tments .  Some 
of t h e  more promising v a r i e t i e s  were I R  22, IR 26, I V  213, and I V  404. 
P igu re  1 shows t h e  e f f e c t  of i r r i g a t i o n  t rea tments  and p l an t ing  d a t e s  f o r  
IR 22 and I V  213- Ind iv idua l  d i f f e r e n c e s  can be observed between v a r i e t i e s  
bu t  t h e  gene ra l  t r ends  a r e  s i m i l a r  t o  those  descr ibed  previous ly .  

R e s u l t s  from the  1980 i n v e s t i g a t i o n s  a r e  s t i l l  being analyzed. Data was 
obta ined  on the  same c h a r a c t e r i s t i c s  a s  i n  1979 p lus  t h r e e  a d d i t i o n a l  
c h a r a c t e r i s t i c s  - genera l  appearance, save o r  d i sca rd ,  and stem angle.  I n  
gene ra l ,  t h e  v a r i e t a l  r eac t ion  t o  p l an t ing  d a t e s  and i r r i g a t i o n  t r ea tmen t s  
were s i m i l a r .  For example, decreased number of water a p p l i c a t i o n s  r e s u l t e d  
i n  l a t e r  heading d a t e s ,  poorer pan ic l e  exse r t i on ,  smal le r  g r a i n  s i z e ,  less 
lodging ,  s h o r t e r  s t a t u r e ,  and lower y i e l d s -  The e f f e c t s  from n a t u r a l  
s e l e c t i o n  f o r  reduced water a p p l i c a t i o n s  i s  s t i l l  being analyzed-  Of t h e  
50 e n t r i e s  i n  the  1980 i r r i g a t i o n  experiment, 31 were s e l e c t e d  f o r  p l an t ing  
i n  the  199L i r r i g a t i o n  experiment. Three ' l i n e s  from the  n a t u r a l  s e l e c t i o n  
t r i a l  and 11 l i n e s  Erom the in t roduc t ion  nursery  w i l l  a l s o  be p lan ted  i n  
t h e  1981 i r r i g a t i o n  experiment. 
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I n  1980, d a t a  was obtained on s o i l  s a l i n i t y  before and a f t e r  g iv ing  an  
i r r i g a t i o n .  I n  genera l ,  l eaching  was improved wi th  the  i n t e r m i t t e n t  i rr i-  
g a t i o n  t r ea tmen t s  (3- and 6-day i n t e r v a l s  between i r r i g a t i o n s )  over  t he  
paddy t rea tment .  Nore leaching  occurred a t  t he  30 cm (1 f o o t )  s o i l  depth 
than  a t  t he  60 cm (2 f o o t )  depth. L i t t l e  d i f f e r e n c e  i n  t h e  l each ing  of 
s a l t s  was observed f o r  the  d i f f e r e n t  p l an t ing  da tes .  

Yuma, Arizona 

FIELD PROCEDUPtS : 

Four d i f f e r e n t  r i c e  v a r i e t i e s  were p lan ted  on t h r e e  d a t e s  ( 8  Way, 30 Nay, 
and 20 June)  i n  the  1979 i r r i g a t i o n  experiment. The four  v a r i e t i e s  were 
Cal rose  76, Nato, Label le ,  and Lebonnet. For each of t he  p l a n t i n g  d a t e s ,  
t h r e e  i r r i g a t i o n  t r ea tmsn t s  included applying i r r i g a t i o n  water  e i t h e r  twice 
a week, once a  week, o r  every 10 days. Each v a r i e t y  was r e p l i c a t e d  four 
t imes wi th in  each i r r 5 g a t i o n  t rea tment .  The d r i l l i n g  r a t e  was 123 
kg /hec t a re  (110 l b s f a c r e ) ,  and the  rows were spaced 18 c m  (7 inches )  a p a r t .  
I n  a d d i t i o n ,  an observa t ion  nursery  of 30 r i c e  v a r i e t i e s  was plan ted  on al l .  
t h r e e  p l an t ing  d a t e s *  I n  1980, s ix  v a r i e t i e s  (Calrose 76, LaBelle,  IV 213, 
IR 22, I R  1108-3-5-3-2, and W 101) were planted on s i x  d i f f e r & t  d a t e s  
(23  February, 30 March, 16 Apr i l ,  15 May, 16 June, and 8 J u l y ) ,  The same 
irrigation t rea tments  were used i n  1980 as 1979, and an obse rva t ion  nursery  
wi th  37 r i c e  v a r i s t i e s  was planted again on t h e  s i x  da t e s .  

A preplclnt appl ica t ion  of Ordram he rb ic ide  (molinate,  S-Zthgl hexahydro-l 
H-azepine-l-carbothioate) a t  a  r a t e  of 22 t o  34 kg lhec t a re  (20 t o  30 
l b s l a c r e )  was app l i ed  f o r  genera l  weed c o n t r o l  i n  both years .  I n  1980, 
Stam $14 (p ropan i l ,  3 ' ,  4' - Dichlorophenylpropionani l ide)  was sprayed f o r  
post-emergent c o n t r o l  of barnyard g ra s s .  Several  a p p l i c a t i o n s  of Sevin 
( c a r b a s y l ,  1-Maphthyl N-methylcarbamate) and Iliazinon i n s e c t i c i d e  
[O,O-Diethyl O-(2-isopropyl-4-methyl-6-pyrimidinyl) phosphoroth ia te ]  were 
app l i ed  during the  summer months, mainly f o r  t h r i p s  and f l e a  b e e t l e s .  
Xitrogen f e r t i l i z e r  Zn t he  form of urea  was broadcasted p r i o r  t o  p l an t ing  
a t  56 kg/hec tare  (50 l b s / a c r e )  of N, followed by another  56 kg /hec t a re  
a f t e r  t i l l e r i n g  and before  i n i t i a l  heading, 

I r r i g a t i o n  water  a p p l i c a t i o n s  were measured wi th  a  10 cm ( 4  i n c h )  
propel le r - type  water meter ,  and d e t a i l e d  r i c e  phenology was recorded on a l l  
p l o t s *  Chemical l e a f  a n a l y s i s  f o r  n i t rogen ,  phosphorous, potassium, and 
minor elements were made on t h e  r i c e  leaves  a t  t h ree  t imes dur ing  the. 
growing season. The r i c e  was harves ted  when an e n t i r e  p l a n t i n g  d a t e  
reached matur i ty ,  and y i e l d s  were based on a  1.37 m2 (14.7 sy. f e e t )  
sampling area .  Seed weight and n u r r i e n t  a n a l y s i s  was a l s o  determined from 
the  harvested g ra in .  

PdSULTS AND DISCUSSION: 

Germination took p l ace  i n  l e s s  than 8 days f o r  a l l  p l a n t i n g  d a t e s  and 
v a r i e t i e s  i n  1979, and the  time period from plan t ing  t o  heading 
(approximately 98 days) was nea r ly  t h e  same f o r  the  f i r s t  two p l a n t i n g  
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d a t e s  ( 9  Nay and 30 $fay) and s l i g h t l y  f a s t e r  (83 days) f o r  t h e  l a t e  
p l a n t i n g  (20 June) ,  a s  shown i n  Table 5. The t o t a l  water  app l i ed  
( i r r i g a t i o n  water  p lus  p r e c i p i t a t i o n )  wi th  two i r r i g a t i o n s  per  week was 
n e a r l y  t h e  same as the  seasonal  pan evaporat ion.  With a s i n g l e  i r r i g a t i o n  
every  week o r  10 days, t h e  water  app l i ed  was l e s s  than pan evapora t ion  f o r  
a l l  p l a n t i n g  d a t e s  (Table 6). On t h e  10-day i r r i g a t i o n  frequency,  i r r i g a -  
t i o n s  were increased  t o  twice weekly i n  October because of t h e  v i s u a l  
plant-water  s t r e s s ;  however, t h e  added water  l a t e  i n  t h e  growing season d id  
no t  appear  t o  improve production. 

Table 7 shows t h e  s tepwise inc rease  i n  r i c e  y i e l d s  wi th  increased  i r r i g a -  
t i o n  f r equenc ie sa  The h ighes t  y i e l d e r  i n  t h e  1979 i r r i g a t i o n  experiment 
was t h e  Ca:Lrose 76 v a r i e t y ,  which averaged about 1650 k g l h e c t a r e  (1500 
l b s / a c r e )  f o r  a l l  p l an t ing  d a t e s -  The next  h ighes t  y i e l d i n g  v a r i e t y  w a s  
Labe l l e ,  a l though t h i s  v a r i e t y  y i e lded  less than ha l f  t h a t  ob ta ined  by 
Cal rose  76. The r i c e  y i e l d s  from t h e  p l o t s  i r r i g a t e d  on a 10-day i n t e r v a l  
w e r e  u s u a l l y  below 112 kg lhec t a re  (100 lb s / ac re ) .  I n d i c a t i o n s  were t h a t  an 
e a r l i e r  p l a n t i n g  d a t e  would be b e n e f i c i a l  f o r  some v a r i e t i e s .  

Chemical l e a f  a n a l y s i s  of n i t rogen ,  phosphorous, and i r o n  f o r  a11 r i c e  
v a r i e t i e s  is shown i n  Table 8. Nitrogen l e v e l s  i n  t he  mature l e a v e s  were 
i n  t h e  adequate  range f o r  a l l  sampling per iods*  While phosphorous l e v e l s  
were adequate  i n i t i a l l y ,  they may have f e l l  s l i g h t l y  below t h e  adequacy 
l e v e l  80 days a f t e r  p lan t ing .  This  is  based on p l an t  t i s s u e  guide f o r  
C a l i f o r n i a  r i c e  product ion (Table 9), where r i c e  is  grown under cont inuous 
f l o o d i n g  (paddy). Generally,  a flooded s o i l  w i l l  provide a h igher  n u t r i e n t  
a v a i l a b i l i t y  and minimum l o s s  of n u t r i e n t s  from f e r t i l i z e r  and s o i l .  Under 
f looded  cond i t i ons ,  some f e r t i l i z e r  may be combined wi th  organic  forms of 
s o i l  microorganisms i n  t h e  s o i l  and be r e l ea sed  too l a t e  f o r  crop uptake. 
Under upland ( r a i n f e d )  cond i t i ons ,  n i t r o g e n  is l o s t  d i r e c t l y  by ammonia 
v o l a t i l i z a t i o n .  DeDatta, IRU, Phi l ipp ines ,  (1974) i n d i c a t e s  t h a t  52% of 
t h e  n i t r o g e n  appl ied  i n  talcen up by t h e  r i c e  p l an t  under f looded s o i l s  com- 
pared t o  28% under upland s o i l s  without  incorpora t ion  of t h e  r i c e  straw. 
When t h e  r i c e  s t raw was incorpora ted ,  p l a n t  uptake was only 3% f o r  f looded 
and 16% f o r  upland r ice:  Mikkelsen and Dellatta (1980) po in t  ou t  t h a t  most 
upland r i c e  v a r i e t i e s  do not  respond we l l  t o  n i t rogen ,  and n i t r o g e n  f e r -  
t i l i z a t i o n  i n c r e a s e s  s u s c e p t i b i l i t y  t o  b l a s t i n g  and lodging,  I'fowever, t hey  
p o i n t  ou t  t h a t  t he  development of new v a r i e t i e s  wi th  h igher  l e v e l s  of b l a s t  
r e s i s t a n c e  could reduce t h i s  problem. Ne could a l s o  specu la t e  t h a t  n i t r o -  
gen e f f i c i e n c y  could be g r e a t e r  wi th  direct-seeded,  i n t e r m i t t e n t  i r r i g a t e d  
r i c e  than  f o r  upland r i c e ,  where amounts and d i s t r i b u t i o n  can be e r r a t i c .  
A f t e r  more drought t o l c r a n t  v a r i e t i e s  a r e  found f o r  t h e  southwestern United 
S t a t e s ,  a c l o s e r  look a t  t h e  E e r t i l i x e r  a p p l i c a t i o n  r a t e  and u t i l i z a t i o n  
may be r equ i r ed .  

The 1978 n u t r i e n t  l e v e l s  from the  harvested g ra in  a r e  presented i n  Table 9. 
There appears  t o  be l i t t l e  d i f f e r e n c e  between the  harvested v a r i e t i e s ,  
i r r i g a t i o n  t rea tments ,  o r  p l an t ing  d a t e s  f o r  most of t he  n u t r i e n t  l e v e l s .  
The z i n c  l e v e l s  i n  the  g r a i n  could be s l i g h t l y  low. Nas i roni  e t  a l .  (1977) 
sampled 27 unpolished and 100 pol i shed  v a r i e t i e s ,  no t  co r r ec t ed  f o r  
mois ture ,  and found mean va lues  of 16.4 and 13*7 pg/g (ppm) Zn, 
r e s p e c t i v e l y .  
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On t h e  e a r l i e s t  p l an t ing  d a t e  i n  1980 (29 February) t h e  number of days from 
p l a n t i n g  t o  germinat ion was about f i v e  t imes longer  than  compared ~ i t h  t h e  
l a t e r  p l a n t i n g  d a t e s  (16 June and 8 Ju ly ) ,  Table 9 sugges ts  t h a t  average 
daytime teroperatures should reach nea r ly  30°C ( 8 5 ' ~ )  and n i g h t  temperatures  
should be above 10°C (50°F). Undoubtedly, s o i l  temperature is  c r i t i c a l  f o r  
t h e  germinat ion of r i c e  i n  a r e l a t i v e l y  s h o r t  per iod of time ( l e s s  than 14 
days) ,  a l though s o i l  temperarures  were not  measured. The February p l a n t i n g  
was probably too  e a r l y ,  whereas t h e  l a t e  March o r  e a r l y  A p r i l  p l a n t i n g  
appeared t o  provide a more reasonable  t imetable  f o r  germinat ion.  The 
v a r i e t y  d i f f e r e n c e  i n  germinat ion time was not  a s  g r e a t  a s  t h e  d i f f e r e n c e  
due t o  d a t e  of p l an t ing*  Heading and panic le  e x s e r t i o n  were cons ide rab ly  
e a r l i e r  f o r  t he  M 101 v a r i e t y  than the  Calrose 76, Label le ,  I V  213, IR 22 
and IR 1108-3-5-3-2 v a r i e t i e s *  For t he  l a t e r  f i v e  v a r i e t i e s ,  heading began 
a t  approximately t h e  sane d a t e  (1  August) f o r  the  f i r s t  t h r e e  p l a n t i n g  
da t e s .  This  i n d i c a t e s  t h a t  p l an t ing  a s  e a r l y  as February o r  March may not  
mean an earlier ha rves t  d a t e  (Table 10). 'CJith a l a t e r  March o r  Apr i l  
p l a n t i n g ,  a 110- t o  120-day period from p lan t ing  t o  heading could be esti- 
c a t e d  f o r  t he  I V  213, IR 22, and IR 1108-3-5-3-2 v a r i e t i e s .  

From germinat ion u n t i l  approximately 15 t o  20 cm (6  t o  8 i n c h e s )  i n  p l an t  
h e i g h t ,  a l l  t h e  1980 v a r i e t i e s  appeared t o  grow at about t h e  same r a t e .  
A f t e r  t h a t  per iod of t i n e  ( d a t a  not shown), t h e  Cal rose  76 and Labe l l e  
v a r i e t i e s  grew t a l l e r  than t h e  o t h e r  four  v a r i e t i e s .  Average p l a n t  
h e i g h t s ,  before  ha rves t  on t h e  f i r s t  t h r e e  p l an t ing  d a t e s  w i th  two i r r i g a -  
t i o n s  per  week, were: Calrose 76 - 76 cin (30 inches) ;  Label le  - 76 cn  
(30 inches) ;  I V  213 - 60 cm (27 inches) ;  I R  22 - 60 cm (27 inches ) ;  
IR 1108-3-5-3-2 - 60 cm (27 inches ) ;  and El 101 - 66 c m  (26 inches ) .  P l an t  
h e i g h t s  tended t o  decrease  wi th  f eve r  number of i r r i g a t i o n s  and wi th  a 
p l a n t i n g  d a t e  i n  Nay o r  l a t e r  f o r  these  v a r i e t i e s .  

Table 11 summarizes t h e  seasonal  water appl ied and pan evapora t ion  f o r  
1980, Again, two i r r i g a t i o n s  per  week r e s u l t e d  i n  a t o t a l  water  appl ied  
( i r r i g a t i o n  water p lus  p r e c i p i t a t i o n )  nea r ly  equal  t o  t he  pan evaporat ion.  
The w e t t e s t  i r r i g a t i o n  t reatment  represented  a t o t a l  water a p p l i e d  equiva- 
l e n t  t o  about 254 c m  (100 inches)  of water f o r  t he  f i r s t  f o u r  p l a n t i n g  
d a t e s  (29 February, 19 March, 16 Apr i l ,  and 14 May). While on t h e  l a s t  two 
p l a n t i n g  d a t e s  (16 June and 8 J u l y ) ,  t he  t o t a l  water appl ied  was somewhat 
l e s s  than  200 cm (80 inches)  f o r  t he  most f requent  i r r i g a t i o n  schedule.  
With an i r r i g a t i o n  once a week, t h e  t o t a l  water app l i ed  was reduced t o  
about  175 cm (70 inches ) ,  and the  10-day i r r i g a t i o n  t rea tment  w a s  about 25 
cm (10  inches )  l e s s  than  t h i s  in te rmedia te  i r r i g a t i o n  regime. Although a 
sma l l e r  anount of i r r i g a t i o n  water  was appl ied  on t h e  June and J u l y  
p l a n t i n g s ,  t h e  s i x  v a r i e t i e s  n e i t h e r  f u l l y  p o l l i n a t e d  dur ing  an extremely 
h o t  September (maximum a i r  temperature zveraged over 37OC) nor  completely 
matured during October and November* In f a c t ,  1980 temperatures  i n  excess  
of (lOO°F) s t a r t e d  i n  t h e  middle p a r t  of June and cont inued through t h e  
f i r s t  p a r t  of October. With a l a t e r  Apr i l  o r  Nay a p o t e n t i a l  
s t i l l  e x i s t s  f o r  applying l e s s  than 150 cm (60 inches )  of i r r i g a t i o n  water ,  
where s o i l  i n t a k e  r a t e s  a r e  lower than the  p l o t s  i n  t h i s  s tudy  and water  
a p p l i c a t i o n s  of less than  5 cm (2  inches)  a r e  given wi th  each i r r i g a t i o n .  
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Seasonal  evapo t r ansp i r a t ion  f o r  r i c e  under an i n t e r m i t t e n t  i r r i g a t i o n  
schedule  should be cons iderably  l e s s  than the  i r r i g a t i o n  water appl ied  o r  
i r r i g a t i o n  water requirement f o r  t hese  i n i t i a l  s t u d i e s .  Af t e r  t h e  most 
promising r i c e  v a r i e t y  and p l an t ing  da t e  has been determined, a seasonal  
e v a p o t r a n s p i r a t i o n  curve w i l l  be measured and used t o  improve t h e  sche- 
d u l i n g  oE i n t e r m i t t e n t  i r r i g a t i o n s  f o r  r i c e .  

Yie lds  and g r a i n  weights  f o r  s e l e c t e d  1980 r i c e  v a r i e t i e s  a r e  presented  i n  
Table 12 f o r  va r ious  p l an t ing  d a t e s ,  v a r i e t i e s ,  and i r r i g a t i o n  t rea tments .  
Yie lds  a r e  r epo r t ed  only where s i g n i f i c a n t  product ion was recorded from 
n e a r l y  a l l  r e p l i c a t e s .  L i t t l e  g r a i n  was harvested from the  June and J u l y  
p l a n t i n g s ,  and only a  few v a r i e t i e s  were harvested from the  twice  a week 
i r r i g a t i o n  t rea tment  f o r  t h e  May p lan t ing .  The t h r e e  h ighes t  y i e l d i n g  
v a r i e t i e s  were IR 22, I V  213, and I V  1108-3-5-3-2. For each of t h e s e  
v a r i e t i e s ,  t h e  g r e a t e s t  y i e l d  was obtained from the  twice weekly i r r i g a t i o n  
t r ea tmen t  and the  19 Eizirch p l a n t i n g  date .  Yields  g e n e r a l l y  dec l ined  when 
i r r i g a t i o n s  were decreased t o  once weekly o r  every LO days. However, I R  22 
and I R  1108-3-5-3-2 achieved the  same o r  s l i g h t l y  l a r g e r  y i e l d s  f o r  t h e  
weekly compared wi th  the  twice weekly i r r i g a t i o n  regime f o r  t h e  19 February 
and 19 Narch p l an t ing  da tes .  Therefore,  i t  appears t h a t  t h e  i n t e r v a l  bet- 
ween i r r i g a t i o n s  could poss ib ly  be extended beyond every 3 o r  4 days 
depending on the  crop growth s tage .  Also, t he  th ree  most promising 
v a r i e t i e s  have a  p o t e n t i a l  y i e l d  of about 5000 t o  7000 kg /hec t a re  (4500 t o  
6500 l .%s/acre) under an a r i d  c l ima te  similar t o  Yuma, Arizona. L i t t l e  d i f -  
f e r e n c e  i n  t h e  g r a i n  weight was evident  between the  t r ea tmen t s  where r i c e  
was produced. Addi t iona l  q u a l i t y  measurements a r e  s t i l l  analyzed from the  
1980 harvested g ra in .  

P l an t  az1a:Lysis of mature l eaves  f o r  a l l  v a r i e t i e s  a t  t h r e e  growth s t a g e s  i s  
s h o w  i n  Table 13. No d i s t i n c t  d e f i c i e n c i e s  i n  n i t rogen ,  phosphate- 
phosphorous, potassium, o r  z inc  were observed i n  1980, based on p l a n t  
t i s s u e  l e v e l s  suggested f o r  C a l i f o r n i a  r i c e  product ion (Table 9). 
Typ ica l ly ,  t h e  n i t rogen ,  phosphorous, and potassium va lues  decreased wi th  
sampling d a t e s -  On the  t h i r d  p l an t ing  da t e  (16 A p r i l ) ,  t h e r e  appears  t o  be 
some i n c r e a s e  i n  n i t rogen ,  phosphorous, and potassium a t  t h e  65-day 
sampling. General ly ,  t h e  n u t r i e n t  l e v e l s  were somewhat h ighe r  i n  1980 than  
i n  1979, and n i t rogen  percentages i n  the  leaves  were s l i g h t l y  h ighe r  f o r  
t h e  l a t e r  p l an t ing  d a t e s  than t h e  e a r l i e r  p lan t ing  da t e s .  L i t t l e  d i f -  
f e r e n c e  i n  t he  n u t r i e n t  l e v e l s  of t he  harvested g r a i n  i n  t e r n s  of n i t r o g e n ,  
potassium, phosphorous, i r o n ,  manganese, z inc ,  o r  copper was observed bet-  
ween v a r i e t i e s ,  i r r i g a t i o n  t rea tments ,  o r  p l an t ing  da t e s .  Zinc l e v e l s  i n  
t h e  unpolished g r a l n  were cons iderably  higher  i n  1980 than  1979, which was 
p o s s i b l y  due t o  t h e  improved v a r i e  t l e s  . 
From the  1979 observa t ion  nursery  of 30 r i c e  v a r i e t i e s ,  some of t h e  more 
promising v a r i e t i e s  were Calrose 76, IR 22, I K  28,, IR 30, and T-1. 
Eighteen were s e l e c t e d  f o r  r e p l a n t i n g  i n  t he  1980 observa t ion  nursery  of 37 
v a r i e t i e s .  The more promising v a r i e t i e s  included Calrose 76, I R  22, I R  28, 
I V  213, I V  330-1, I V  404, I R  1108-3-5-3-2, T-1, and Taichung 181. S ix teen  
v a r i e t i e s  were s e l e c t e d  from 1980 f o r  p l an t ing  i n  the  1981 obse rva t ion  
nu r se ry  of 32 v a r i e t i e s .  
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Safford ,  Arizona 

zIELD PROCEDURES : 

I n  t he  1979 i r r i g a t i o n  s tudy,  f i v e  r i c e  v a r i e t i e s  (Calrose 76, Mars, 
Newrex, Lebonnet, and Starbonnet)  were p lan ted  on 15 May and 14 June. The 
same i r r i g a t i o n  t r ea tmen t s  of twice weekly, weekly, and every 10 days be t -  
ween i r r i g a t i o n s  were used i n  Safford as f o r  Yuma, Arizona. Each v a r i e t y  
p l o t  was r e p l i c a t e d  fou r  t imes wi th in  every i r r i g a t i o n  t rea tment ,  and i ts  
s i z e  was 2*1  m (7 f e e t )  wide and 4,6 m (15 f e e t )  long. The p l a n t i n g  r a t e  
was 123 kg lhec t a re  (120 l h s l a c r e )  of seed, and the  rows were spaced 18 crn 
(7 inches)  apa r t .  The same f i v e  r i c e  v a r i e t i e s  were aga in  p lan ted  i n  t h e  
1980 i r r i g a t i o n  experiment,  except  on 9 May and 5 June, An obse rva t ion  
nu r se ry  of 30 v a r i e t i e s  i n  1979 and 37 v a r i e t i e s  i n  1980, i d e n t i c a l  t o  t he  
Yuma n u r s e r i e s ,  were a l s o  p lan ted  two times and i r r i g a t e d  twice  weekly. 

A prep lan t  a p p l i c a t i o n  of Ordram he rb ic ide  (molinate,  S-Ethyl hexa- 
hydro-1-H-azepine-1-carbothioate) at  a r a t e  of 22 t o  34 kg lhec t a re  (20 t o  
30  l b s l a c r e )  was app l i ed  f o r  gene ra l  weed c o n t r o l  i n  both years .  Nitrogen 
f e r t i l i z e r  i n  t he  form of urea  was broadcasted before  p l a n t i n g  a t  50 
lcglhectare  (50 Ibs /acre)of  N, followed by another  56 k g l h e c t a r e  a f t e r  
t i l l e r i n g  and be fo re  i n i t i a l  heading. I r r i g a t i o n  water a p p l i c a t i o n s  were 
measured with a  10 cm (4  inch)  propel ler- type water meter. The f i r s t  
p l a n t i n g  d a t e  i n  1980 was harves ted  on 29 October, and t h e  second p l a n t i n  'i d a t e  w a s  harves ted  on 4 December, Yield samples were taken from a 1*37 m 
(14-7 sq. f e e t )  p l o t  a r e a  and seed weight v7as a l s o  determined from t h e  
ha rves t ed  g r a i n  

Al?D DISCUSSION: - 

The r i c e  seed began t o  germinate i n  both years  about 7  t o  10 days a f t e r  
p l a n t i n g  f o r  a l l  v a r i e t i e s  and p l an t ing  da tes .  The i n i t i a l  s e e d i h g  
emergence w a s  very uniform i n  1979; however, when the  p l a n t s  reached a  
he igh t  of 5 cm ( 2  t o  3 inches)  t h e  young seed l ings  began t o  d i e .  Seedl ing 
dea th  was even tua l ly  a t t r i b u t e d  t o  a  high pH and sodium cond i t i on  i n  t he  
s o i l .  Typica l ly ,  t h e  s o i l  on rhe Safford Experiment S t a t i o n  has a  pH above 
8.0, an e l e c t r i c a l  conduc t iv i ty  above 5.0 mhos/cm, and s o l u b l e  sodium of 
about  ZOO0 mg/l near  t h e  s o i l  su r f ace -  I r r i g a t i o n  water on t h e  farm comes 
from two sources  - Gi la  r i v e r  water and a groundwater wel l .  The r i v e r  
water  has  a pH of about 6.9, an e l e c t r i c a l  conduct iv i ty  of 0.6 mmhos/cn, 
and s o l u b l e  sodium oE 80 nlg/l, whereas t h e  we l l  Eas a  pH of about  7.0,. an  
e l e c t r i c a l  conduc t iv i ty  over 2.0 nmhos/cm, and so lub le  sodium over 250 
mg/l. The water  q u a l i t y  from t h e  i r r i g a t i o n  we l l  has been s t e a d i l y  
improving ovcr the  pas t  decade. 

A f t e r  exper ienc ing  s tand  es tab l i shment  problems wi th  t h e  two p l an t ing  d a t e s  
i n  1979, d i f f e r e n t  amounts of s u l f u r i c  ac id  ( ~ ~ ~ 0 4 )  were app l i ed  t o  smal l  
f i e l d  p l o t s  before  r i c e  w a s  planted.  Also, t h e  s o i l  from a 0-10 cm (0-4 
inches )  depth and water  from t h e  i r r i g a t i o n  wel l  was brought t o  Phoenix, 
where va r ious  amounts oE s u l f u r i c  ac id  were t r i e d  i n  small  p o t s  i n  a  
greenhouse- From both t h e  small  p l o t s  and p r i n c i p a l l y  t h e  greenhouse pots ,  
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i t  appeared t h a t  4.5 t o  6.7 metrLc tons /hec t a re  ( 2  t o  3 t o n s l a c r e )  of 
s u l f u r i c  a c i d  wouZd a l l e v i a t e  t he  s o i l  t o x i c i t y *  By t h i s  t ime, i t  was too  
Late  i n  t h e  season t o  r e p l a n t  the l a r g e r  p l o t s  and conduct an i r r i g a t i o n  
experiment.  

Stand es tab l i shment  i n  1980 was markedly improved by applying s u l f u r i c  a c i d  
a t  6.7 me t r i c  t o n s l a c r e  ( 3  tons /acre)  p r i o r  t o  p lan t ing .  Table 14 
i n d i c a t e s  t h a t  the  a c i d  reduced the  pH, e l e c t r i c a l  conduc t iv i ty ,  and sodium 
c o n c e n t r a t i o n  i n  t he  top 0-5 cn (0-3 inches)  of s o i l  t o  a  small e x t e n t  and 
i t s  e f f e c t s  p e r s i s t e d  throughout t h e  growing season. However, t h e  s u l f u r i c  
a c i d  appears  t o  provide l i t t l e  b e n e f i t  a t  lower depths i n  t he  s o i l  p r o f i l e .  
Although t h e  use  of a c i d  w a s  succes s fu l ,  about 20 percent  of t h e  young r i c e  
s e e d l i n g s  d id  d i e  dur ing  the  t h i r d  t o  fou r th  week a f t e r  p l an t ing .  Once 
aga in ,  d i f f e r e n t  amounts of s u l f u r i c  ac id  were appl ied  t o  smal l  t e s t  p l o t s  
sugges t ing  t h a t  t h e  6.7 metric tons /hec t a re  was adequate  bu t  11.2 t o  13.4 
m e t r i c  t ons /hec t a re  (5  t o  6  t ons / ac re )  could f u r t h e r  improve p l a n t  growth. 
Therefore ,  p l ans  f o r  1981 inc lude  inc reas ing  the  seeding rate and us ing  
13.4 metric tons /hec t a re  of su lEur i c  ac id ,  

Yie lds  and g r a i n  weight f o r  t h e  Calrose 76 v a r i e t y  a r e  presented i-n Table 
15. The y i e l d  approached 3400 kg/hec tare  (3000 l b s l a c r e )  and the  seed 
weight averaged 10*8  grams/500 gra ins .  The second b e s t  v a r i e t y  i n  the  
i r r i g a t i o n  s tudy  was Lebonnet, which d id  not  p o l l i n a t e  f o r  a l l  t r ea tmen t s  
and r e p l i c a t i o n s .  The Calrose 76 y ie lded  almost a s  good f o r  t h e  10-day 
i r r i g a t i o n s  a s  t h e  twice weekly o r  weekly i r r i g a t i o n  schedule.  This  can he 
a t t r i b u t e d  t o  h igh  water-holding capac i ty  and a low i n f i l t r a t i o n  r a t e  f o r  
t h e  Saf ford  s o i l .  I n  terms of the  1980 observa t iona l  nursery ,  some pro- 
mising v a r i e t i e s  were Nato, Label le ,  Taichung 181, and Ff 7. Addi t iona l  
C a l i f o r n i a  v a r i e t i e s  bes ides  Calrose 76 and 1% 7 w i l l  be p lan ted  i n  1981. 

SUi@IARY AND CONCLUSIONS : 

Rice was produced at the  Imperial  Valley Experiment S t a t i o n ,  E l  Centro, 
C a l i f o r n i a ;  t h e  Yuma Valley Experiment S t a t i o n ,  Yuma, Arizona; and t h e  
Saf ford  Experiment S t a t i o n ,  Saf ford ,  Arizona, i n  both 1979 and 1980. A t  
E l  Centro,  C a l i f o r n i a ,  over 2000 v a r i e t i e s  were p lan ted  s e v e r a l  t imes i n  
d i f f e r e n t  experiments each year  wi th  the  primary purpose of s e l e c t i n g  and 
adap t iv ing  r i c e  v a r i e t i e s  s u i t a b l e  f o r  d e s e r t  c l imates .  I n  t h e  i r r i g a t i o n  
experiments ,  50 v a r i e t i e s  were i r r i g a t e d  under paddy, 3-day, and 6-day i r r i  
g a t i o n  regimes* Eighteen l i n e s  were s e l e c t e d  f r o a  the  1979 i r r i g a t i o n  
s tudy  f o r  f u r t h e r  p l an t ing  In 1980, while  31 v a r i e t i e s  were s e l e c t e d  f rom 
t h e  1980 i r r i g a t i o n  s tudy f o r  repeated p l an t ing  i n  1981. I n  terms of 
gene ra l  plant-water stress characteristics, decreas ing  t h e  nwnber of water  
a p p l i c a t i o n s  t y p i c a l l y  r e s u l t e d  i n  l a t e r  heading d a t e s ,  l a t e r  m a t u r i t y  
d a t e s ,  poorer  pan ic l e  exse r t i on ,  smal le r  g r a i n  s i z e ,  l e s s  lodging ,  s h o r t e r  
s t a t u r e ,  and lower y i e lds .  The more promising v a r , i e t i e s  o r i g i n a t e d  from 
t h e  P h i l i p p i n e s ,  where some of these  plant-water s t r e s s  c h a r a c t e r i s t i c s  
were no t  as pronounced. 

A t  Yuma, Arizona, four  v a r i e t i e s  were planted on three  d a t e s  i n  1979, and 
s i x  v a r i e t i e s  were p lan ted  on s i x  da t e s  i n  1980 under twice weekly, weekly, 
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and 10-day i r r i g a t i o n  t reatments .  Three l i n e s  (IV 22, I V  213, and I R  
1108-3-5-3-2) showed the  most promise i n  1980 f o r  the  p l an t ing  d a t e s  of 
l a t e  February through Apr i l  wi th  a p o t e n t i a l  y i e l d  of a s  h igh  a s  7000 
kg /hec t a re  (6500 Ibs / ac re ) .  Nu t r i en t  l e v e l s  i n  mature p l an t  l eaves  and 
unpolished g r a i n  suggested minimal f e r t i l i t y  problems wi th  112 kg lhec t a re  
(100 l b s / a c r e )  of n i t rogen  suppl ied  i n  two a p p l i c a t i o n s  under t h e  in t e rml t -  
t e n t  i r r i g a t i o n  p rac t i ce s .  

At Saf ford ,  Arizona, wi th  a more moderate hea t  and humidity stress than  
E l  Centro, C a l i f o r n i a ,  o r  Yuma, Arizona, f i v e  v a r i e t i e s  of r i c e  were 
p l an ted  twice us ing  i r r i g a t i o n  t rea tments  of twice weekly, weekly, and 
eve ry  10 daq~s. Stand es tab l i shment  was improved i n  1980 compared wi th  1979 
by applying 6.7 met r ic  t ons /hec t a re  (3  tons /acre)  of  s u l f u r i c  a c i d  before  
p l a n t i n g  t o  a l l e v i a t e  a high sodium and pH s o i l  condi t ion .  1980 y i e l d s  
appeared t o  be h igher  f o r  ?fay compared t o  the June p l an t ing  da t e ,  and the 
Calrose  76 v a r i e t y  was the  most promising. 

Rice  cont inues  t o  be the  main s t a p l e  food and major source of p r o t e i n  f o r  a 
l a r g e  p a r t  of t he  world. While t h e  physiologic  and g e n e t i c  a s p e c t s  of c rop  
improvement r e l a t i v e  t o  water s t r e s s  have been ex tens ive ly  researched  f o r  
o t h e r  c e r e a l  crops,  r i c e  has l a r g e l y  been ignored. The i n t e r m i t t e n t  irri- 
g a t i o n  of r i c e  and usage of cu l t i va tLon  p r a c t i c e s  s i m i l a r  t o  o t h e r  c e r e a l  
g r a i n s ,  a long wi th  t h e  development and s e l e c t i o n  of hea t - to l e ran t  r i c e  
v a r i e t i e s ,  could expand and improve r i c e  production f o r  semi-arid r eg ions  
of t he  world. 
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Table 1. Rice irrigation experiment planted on 11 Kay 1979 (Julian Date 132) a t  El Centro, California. 

Entry No. Julian 
and Neading Panicle . Grain Percent Percent Height Yield 

Variety ~reatnen&f Date ~ x s e r t f  o z  TY~&/ todglng Blanking i n  cn i n  &/ 

IR 22 

IR 26 

XR 28 

XR 29 

xv 22 

XV 56 

XV 65 

IV 213 

IV 237 

XV 330-1 

I V  404 

Calrose 
7 6 

Labelle 
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Table 1. (Continued) 

Entry No. Julian 
and Heading Panicle Grain Percent Percent Height Yield 

Variety ~ r e a t n e n d , /  Dace ~ x s o r t i o z /  3yp&/ Lodging Blanking i n  cm i n  

Na to 

Lebonnet 

Starhonnet 

Nars 

Ne-&ex 

N 101 

Benkef. 

Chem Chu 
Yai 

DD 95 

Mochi 
Gomf 

Shicia tuki 

Shio ji 

Taichung 
1 
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Table 1. (Continued) 

Entry No. Julinn 
and Heading Panicle Grain Percent Percent Height Yield 

Va@,ecy Treatpenal Dntc ~ x s e r t i o d  v p & /  Lodging Blanking in c a  in &/ 

Taichung 
181 

Tatsucti 
Elochi 

Ia 442- 
2-58 

IR 789- 
63-1-1- 
1-1-2 

I R  954- 
85-1-2- 
2-2-2 

IR 9h&- 
93-2-1- 
2-2 

XR 1108- 
3-5-3-2 

IR 11G8- 
24-2-1- 
3-1 

IR 1561- 
43-2 

IK 1820- 
210-2 

XR 1357- 
103-2-2 

IR 200!,- 
P7-1-1 

Ii? 2016- 
P2-5-3 
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Table 1. (Continued) 

Entry No. J u l i a n  
and Heading 

~ r e a t a e n & /  Date 
Panicle  

~ x s e r t i o & /  
Percent Percent  Height 
Lodging Blanking i n  cn 

Yield 
i n  &-/ 

Grain 
TY&!/ Variety 

1/ For treatments: F a continuous flood; 3, 6, and 9 - days between i r r i g a t i o n s ,  respec t ive ly .  - 
2/ 1 = t o t a l  paniclc  exser i ion ;  2 a partial.  panicle  exsert ion ( p a r t  of p a n i c l e  enclosed t o  about 1/3 - 

enclosed i n  sheath). 
3/ 1 = shor t ;  2 = medium; 3 = lone; 4 a very long. - 
4/ To convert y ie ld  to  kg/tlectare ( I b s l a c r e ) ,  multiply by a  f a c t o r  of 13.4 (12). - 

5 0 
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Table 2. P.ice irrlgation experiment planted on June 11, 1979 (Julian Date 163) at: El Centro, CnLffornia. 

EntrySo. Julian 
and HeaJing Panicle Grain Percent Percant Weight Yield 

Variety ~reatnen&f Date ~ x s e r t i o & /  T ~ ~ & /  Lodging Blanking i n c n  i n  

XR 22 

I R  26 

IS 28 

IB 2061- 
464-14-4 

XR 30 

XV 56 

I V  66 

IV 213 

XV 237 

XV 330-1 

I V  40+ 

Calrosi! 
7 6 

Labelle 
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Table 2- (Continued) 

Entry No. Julian 
and Heading Panicle Grain Percent Percent: Ueigtit Yield 

Variety, ~ r e a t n e n h l  Dztc ~ x s e r t i o d  Type.?./ Lodging BlankSng i n  cm i n  smf?/ 

Nato 14 

Lebonnet 15 

Starbonnet 16 

Mars 

Newrex 

Ell01 

Benkei 

Chem- 
chuyai 

DD 95 

>lochi 
Goni 

Shina- 
tuki  

Shioj i  
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Table 2. (Continued) 

Entry So. Ju l inn  
and tleadfng Panicle  Grain Percent Percent  Height Yield 

Variety ~ r e a t m r n G  Date ~ x s e r t i o & /  ~ y p & /  Lodging Elanking in cn i n  

Taichung 
181 

Tatsuai 
Xochi 

XR 442- 
2-53 

IX 759- 
63-1-1- 
1-1-2 

XR 944- 
35-1-2- 
2-2-2 

XR 944- 
93-2-1- 
2-2 

XR 1108- 
3-5-3-2 

IR 1168- 
24-2-1 
3-1 

IR 1561- 
43-2 

XR 1820- 
210-2 

XR 1857- 
103-2-2 

I R  200:- 
27-1-1 

XR 2016- 
P2-5-3 
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Table 2. (Continued) 

Entry KO- J u l i a n  
and neading Panicle  Grain Percent Percent Height Yield 

Variety ~ r c a t n r n & /  Dcttc E x s e r t i o d l  Qptl?! Lodging Blanking i n  cm i n  gi&/ 

1/ For t r e a t n e n t s ;  i: = continuous flood; 3, 6 ,  and 9 - days between i r r i g a t i o n s ,  respec tive1.y. - 
21 1 = t o t a l  panicla  exser t ion ;  2 = p a r t i a l  panicle  exsert ion ( p a r t  of panicle  enclosed t o  a?mttt 1/3 - 

enclosed i n  sheath). 
3/ 1 - shor t ;  2 a r d i u m ;  3  = long; 4  = very long. - 
41  To convert y ie ld  t o  kg/hectare  ( lbs /ac re ) ,  multiply by a f a c t o r  of 13.4 (12). - 
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Table 3. Rice i rr igat ion  experiment planted on July 11, P979 (Jul isn Date 193) a t  EL Centro, California. 

Entry Eio. Julian 
and Heading Panicle Grain Percent Percent Height Yield 

Variety ~reatmen&l Date ~ x s e r t i o & /  T ~ ~ & /  Lodging Blanking i n  cm i n  g&/ 

XR 22 

I R  26 

I R  28 

TR 2061- 
464-14-4 

111 30 

1V 56 

I V  66 

XV 213 

XV 237 

I V  330-1 

1V 404 

Calrosn 
76 

Lobelle 
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Table 3. (Continual) -.- -- 
Entry KO. Jul inn 

and Ileading Panicle Grain Percent Percent Height Yield 
Variety ~recltaeat_?l Date ~ x s e r t i o & /  ~ ~ ~ e 2 f  Lodging Blanking i n  cm i n  &mi /  

Nato 

Lebonnet 

Star- 
bonnet 

Hars 

Xe-vrex 

Ell01 

Benkei 

Chen- 
chuyai 

Dil  95 

I.fochi 
Goni 

Shina- 
tuki 

Shioji 
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Table 3. (Continued) 

Entry No. Julian 
and Heading Panicle Grain Percent Percent Weight Yield 

Variety ~ r c a t n e n d  Date ~ x s e r t i o d ?  Ty&/ Lodging Blanking i n  cm i n  

Taichung 
181 

Tatsumi 
Mochi 

IF, 443- 
2-58 

IR 789 
63-1-1 
1-1-2 

IR 944- 
85-1-2- 
2-2-2 

xa 9.54- 
93-2-1- 
2-2 

IR 1108- 
3-5-3-2 

XR 1168- 
24-2-1- 
3-1 

I R  1561- 
43-2 

IR 1820- 
210-2 

IR 1357- 
103-2-2 

I R  2004- 
P7-1-1 

IR 2316- 
22-5-3 
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Tab le  3. (Continued) 

E n t r y  No. J u l i a n  
and Heading P a n i c l e  Grain  Percent  Pe rcen t  Height  Yield  

V a r i e t y  Trea tnen@ Date  ~ x s c r t i o & l  Typ&I Lodging Blanking I n c n  i n  g&/ 

11 For t r ea tmen t s ;  F = cont inuous  f lood ;  3, 6, and 9 = days between i r r i p t i o n s ,  respectively. - 
2/ 1 1 t o t a l  p a n i c l e  exse re ion ;  2 -. p a r t i a l  pan ic l e  e:certion ( p a r t  of panicle.  enc losed  t o  about  1 / 3  - 

enc losed  i n  shea th ) .  
3 1  1 - s f t a r t ;  2 = n ~ d i i i m ;  3 = long;  4 = v e r y  long. - 
41 To c o z v e r t  y i e l d  t o  kg /hec ta re  ( l b s j a c r e ) ,  multiply by a f a c t o r  of  13.6 (12). - 
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Table 4 ,  Amrage  s o i l  s a l i n i t y  measurements i% EC of mho/cm be fo re  and a f t e r  i r r i g a t i o n s  
f o r  t h r e e  i r r i g a t i o n  and p l a n t i n g  d a t e  t rea tments  a t  E l  Centro, C a l i f o r n i a ,  i n  1980. 

I r r i g  . P l a i t -  30-em S o i l  Depth Di f f e rence  30 t o  60-cm S o i l  Depth Di f f e rence  
Trea t -  i n g  13ef o r e  Af t e r  nmho / cm Before A f t e r  mroho / cm 
ment Dare I r r i g a t i o n  I r r i g a t i o n  and % I r r i g a t i o n  I r r i g a t i o n  and % 

Flood 4/17 

3 dzy 4/ 17 

6 day 4 / l 7  

Flood 5/15 

3 day 5/15 

G day 5/15 

3 day 6/17 3.36 1.55 

6 day 6/17 3.19 1.46 1*13 , 

5 4% 40% Annual Report of the U.S. Water Conservation Laboratory



Table 5. Germination d a t e s ,  temperature during germinat ion,  heading d a t e s ,  
and ha rves t  d a t e s  f o r  3 p l a n t i n g  d a t e s  a t  Yuma, Arizona, 1979. 

P l a n t i n z  Dates  

Fac to r  9 May 30 May 20 June 

J u l i a n  P lan t ing  Date 12 9 150 171  

J u l i n n  Germination Date 137 . 156 17  6 

A i r  Temperature (OC) During 
Germination Avg. Max. 

Avg. &En. 

Average J u l i a n  Reading Date 
( 1 )  Cal rose  76 
(2)  Nato 
(3)  Labe l l e  
( 4 )  Labonnet 

Est imated J u l i a n  Harvest  at&/ 

Growing Season Length 

1/ Actua l ly  a l l  p l o t s  harves ted  on 1 December, but  r eco rds  were kept  - 
when the  e a r l i e r  p l an t ing  d a t e s  could have been harves ted .  
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Table 6.  Summary of seasonal  i r r i g a t i o n  water appl ied ,  p r e c i p i t a t i o n ,  
and pan evaporat ion f o r  3  i r r i g a t i o n  t rea tments ,  and 3 
p l a n t i n g  d a t e s  a t  Yuma, Arizona, 1979. 

P l a n t i n g  Dates 

Fac to r  
I r r i g a t i o n  
Treatmen! 1/ 9Flay 3OPIay 20 June 

Number of I r r i g a t i o n s  

Est imated Seasonal 
I r r i g a t i o n  Water 
Applied (cm) 

Seasonal  P r e c i p i t a t i o n  
(cm) 

Seasonal  To ta l  Water 
Applied (tin) 

Seasonal  Pan 
Evaporat ion 
(cm> 

2/wk 
1 /Wk 

10 days 

2 /wk 
1 /wk 

1 0  days 

A l l  
I r r i g  . 
T r t s .  

2 /wlc 
1 /wk 

1 0  days 

All 
I r r i g  . 
T r t s .  

1/ I r r i g a t i o n  water  was app l i ed  e i t h e r  twice a  week, once a week, o r  - 
every 10 days. 

2/ Based on an average i r r i g a t i o n  s i z e  oE 6.3 cm (2.5 inches ) .  - 
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Table 7. Summary of r i c e  y i e l d  (mean of 4 r e p l i c a t e s )  f o r  3 p l a n t i n g  d a t e s  
and 2 se l ec ted  v a r i e t i e s  a t  Yuma, Arizona, 1979. 

I r r i g a t i o n  
11 Treatinent , 

Plant ing  Dates 

9 &Y 30 May 20 June 

2/wk 
1 /wk 
10  days 

2 /wk 
1 /wk 
1 0  days 

kg lhec ta re  

Calrose 76 

1/ I r r i g a t i o n  wdter was appl ied  e i t h e r  twice a week, once a week, o r  every - 
10  days. 

* Negl ig ib le  y i e l d  and cons iderable  v a r i a b i l i t y .  
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Table 8. Average and range of leaf analysis on rice f o r  3 growth stages zrrd grain nutrient analy- 
sis at harvesr for 3 planting dates ae Y c m ,  Arizona, 19798 

1/ Leaf Analysis - Days Slrrcc Planting, Nutrient Analysis for 
Planting Harvested Rice , 1 / 

Date 5 0 65 8 0 
N POI;-P Fe ZJ POq-P Fe N POq-P Fe N* F e Pin Zn Cu 

9 Play avg. 3.3 1500 84 2.9 1225 125 2.7 925 130 2.7 115 6 1 16 16 
Range-lcw 2.9 1200 38 2.6 1050 62 2.5 850 110 2.4 9 6 3 8 12 10 

h igh  3.6 1800 105 3.2 1450 115 3,O 1200 160 2.9 156 110 2 0 22 

m 
w 30 May avg*  3.4 1100 102 3.1 975 120 2.9 725 135 3.0 9 8 6 6 10  15  

Range-low 3 * 2  950 72 2.8 850 94 2.6 600 118 2.8 7 6 38 8 8 
high 3 9  1300 120 3.5 1100 138 3.2 850 156 3.4 118 112 12 2 1 

20 June avg. 3.7 1425 94 3.4 775 115 3 9 1  595 142 3.0 85 8 5 I I 18 
Range-low 3.0 1250 68 2.6 700 84 2 2 1  450 112 2.6 6 2 64 6 1 2  

high 4.4 1800 108 4.1 1000 130 3 * 7  800 160 3,3 101 112 16  26 

I/ Includes all 4 varieties - Calrose 76, %to, Labelle, and Labonnet. - 
k Percent Protein = N x 6.25. 
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Table 9.  S o i l  and p l a n t  t i s s u e  a n a l y s i s  guide f o r  C a l i f o r n i a  r i c e  product ion i n  terms of n i t r o g e n ,  
phosphorous, potassium, and z inc .  1! 

S o i l  Analysis  P l a n t  Analysis  - Recently Rkture Leaves ,. 2.1 

Kid-Ti l le r ink  --- Maximr~xt T i l l e r f  ng P a n i c l e  I n i t i a t i o n  

S o i l  C r i t i -  C r i t i -  C r i t i -  C r i t i -  
Tes t  cal c a l  Adequate cal Adequate c a l  Adequate 

Element Method Value Element Value Range Value Range Value Range 

Nitrogen Not r e l i a b l e  N (%) 3,o 3.0-4.0 2 8 2.8-3.6 2.6 2.6-3.2 

a 
c. Phosphor- 6 PPm POq-P 

ous NaHC03 P04-? (ppm) 1000 1000-1800 800 800-1800 800 800-1500 

Potassium NH4Ac 60 ppm I<(%) 1,4 1*4-2.8 1*2 1.2-2.4 1.0 1.0-2.2 
K 

Zinc DTPA 0.5 ppm Zn 20 22-80 15 15-25 1 5  15-25 
Zn 

I/ H i l l e r ,  M* D*> Me L. Pe terson ,  D. So Mikkelsen, Do Mo Brandon, C1 M. lileek, Je F. ' l$il l iams, and - 
R. S. 3 a s k e t t -  1973. Rice product ion  i n  C a l i f o r n i a .  Un ive r s i t y  of C a l i f o r n i a  Bull .  No. 
75-6~/2236, Cooperat ive Extension,  Berkeley, CA 94720e 

2/ Analys is  on dry m i g h t  b a s i s .  K ie ldah l  N, 2% McP04-P, and K. - 
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Table lo0 Gemination dates, tcnperatures during germination, heading dates, and harvest dates for 
G planting dates at Yuma, Arizona, 1980, 

- 

Factor 

Plantinz Dates 

29 Feb 19 blar 16 Apr 14 Hay 16 Jun 8 Jul 

Julian Planting Date 6 0 8 0 107 136 f 68 190 

Julian Germination Date 8 5 100 119 f 42 172 195 

Air Temperature (OC) during 
Germination' 

Avg. Max. 2 4 2 5 
Avgo Min. 9 9 

Avera e Julian Heading 8/ Date , 

Julian Marvest Date 296 296 296 No* Xo** No** 

Growing Season Length in 
Days 

I/ Average heading date for Calrose 7 6 ,  Labelle, XV 213, bR 22, and IR 1108-3-5-3-2 varicties, - 
while 31101 was considerably earlier and more erratic in panicle developmentll * Limited harvest data taken because of poor stands caused by large weed infestations* * Linited harvest data taken because of poor seed development caused by blanking in late 
September and early October. 
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Table 11+ Sunmary of s easona l  i r r i g a t i o n  water  app l i cd ,  p r e c i p i t a t i o n ,  and pan evapora t ion  f o r  3 
i r r i g a t i o n  t r ea tmen t s  and G p l a n t i n g  d a t e s  a t  Yuaa, Arizona, 13809 

P l a n t i n g  Dates  
I r r i g a t i o n  

F a c t o r  ~ r e a  trsen&/ 29 Feb 19  >far 16  Apr 1 4  May 16  Jun 8 J u l  

2/\?k 
1 /wk 

10  days 

Seasonal  
I r r i g a t i o n  
Water Applied 
( c d  

2 /wk 
1 /wk 

PO days 

2/wk 
1 / t?k 

L O  days 

Average 
I r r i g a t i o n  
S i z e  ( e m )  

.2/wk 
1 /wk 

10 days 

Range of 
I r r i g a t i o n  
Water Applied 
(cm> 

Seasonal  
P r e c i p i t a t i o n  
(cm> 

A l l  
I r r i g  . 
T r t s ,  

Seasonal  T o t a l  
Water Applied 
( 4 

2/wk 
1 /l?k 

1 0  days 

Seasonal  
Pan 
Evapora t ion  

N1 
Lr r ig .  
T r t s .  

I/ I r r i g a t i o n  water  was app l i ed  e i t h e r  twice  a week, once a week, o r  every 10 days,  - Annual Report of the U.S. Water Conservation Laboratory



Table 12. Average and range of l ea f  ana lys i s  on r i c e  f o r  3 growth s tages  and gra in  n u t r i e n t  anal?- 
sis a t  harvest  f o r  6 plant tng dates  a t  Yuna, Arizona, 1980. 

Leaf Analysts - Days Since Plant ing Nut r ien t  Analysis for 
Composite of  Harvested Rice 1/ 

50,  65 80 50, 65 d 80 - 
plant in^ - 

Date N Y04-P K N PO/,-P I; N PO&-P K Fe Zn I f n  Cu N* K P Fe Hn Zn Cu 

avg . 
k n g e -  

low 
high 

19 Y i r  
avg . 

Range- 
low 

high 

16 hpr 
avg. 

Range- 
10-7 

high 

14 b y  
ZVE * 

Rangs- 
low 

high 

16 Jun 
avg . 

Range- 
low 
high 

8 J u l  
avg .. 

*Iange- 
low 
high 

1/ Reprewmtative s a r ~ p l e  ava i lab le  only  for f i r s t  4 plant ing da tes  and XR 22, IV 213, and fR - 
1103-3-5 -3-2 v a r i e t i e s .  

* Percent p ro te in  = N x 6.25. 
** Limited quant i ty  of r i c e  harvestad. 

Annual Report of the U.S. Water Conservation Laboratory



Table 13. Suramary of r i c e  y i e l d s  and g r a i n  weight (mean of 4 r e p l i c a t e s  
f o r  G p l a n t i n g  d a t e s  and 3 s e l e c t e d  v a r i e t i e s  a t  Yuma, Ar izona ,  
1980. 

P l a n t i n g  Dates  
I r r i g a t i o n  
'Xreatriientl/ -- 29 Feb 19 Efar 16  Apr 14 Flay 16  Jun  8 J u l  

2/wk 

l /wk 

10 days 

2/wk 

1 / wlc 

1 0  days 

2 /w1c 

1 /wk 

1 0  days 

k g l h e c t a r e  (gms/500 g r a i n s )  

1/ I r r i g a t i o n  water  was app l i ed  e i t h e r  twice a week, once a week, o r  e v e r y  - 
10 days. 

* NegLigible y i e l d  and cons ide rab le  v a r i a b i l i t y .  
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Table 14, Effect of applying sulfuric acid on the  soil pH, electrical conductivity, and 
soluble sodium during the rice growiiig sennao a t  Saiford, Arizona, 1980. 1! 

plant in^ Dates 

Depth of 9 May 5 June 
Soil - 

Sampling Days Since EC Ea Days Since EC Ba 
(cm) Plcznting ptI. (mmhos/c;a) (mg/l) Planting pI1 (rnmhos/cm) (%dl) 

550 
GOO 
1400 

I/ Averaged for the three irrigation treatmentso - * Before applyins sulfuric acid and planting rices 
* N t e r  rice harvesting. 
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Table 15- Summary of r i c e  y i e l d  and g r a i n  weight f o r  Galrose 76 v a r i e t y  
and 2 p l a n t i n g  d a t e s  a t  Sa f fo rd ,  Arizona, 1980. 

I r r i g a t i o n  
Treatment 1/ - 

Plan t ing  Dates 21 

9 May 5  June 

1 0  clays 2657 
(PO.  3)  

Icg/hectare (gms/500 g r a i n s )  

I/ I r r i g a t i o n  water  was app l i ed  e i t h e r  twice a  week, once a  week, o r  every - 
10 clays- 

2/ F i r s t  and second p l a n t i n g  d a t e s  were harves ted  on 29 October and - 
4 December, r e s p e c t i v e l y ,  
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"7- F=CONYiFlUOS FLOOD ;3,lj,S=DAYS BETWEEN IRRIGATION D A T E S  

F-CONTINUOS FLOOD ;3,Gs9=BAY3 BETWEEN IRRIGATION DATES 

Figu re  4, Effects of three irrigation t reatnents  at three p l a n t b g  dates for IR 22 and 
IV 213 rice varieties at El Centro,  Cal5fornia, 1979. 
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TITLE : SURTACF, IRRIGATION AUTOHATION 

NRP : 20740 CRIS WORK UNIT: 5510-20740-004 

Sur face  i r r i g a t i o n ,  because of i t s  low water d i s t r i b u t i o n  energy r equ i r e -  
ments compared t o  pressur ized  systems, m e r i t s  i n t e n s i f i e d  a t t e n t i o n .  I f ,  
however, s u r f a c e  i r r i g a t i o n  techniques  are t o  be used s u c c e s s f u l l y  i n  t h e  
f u t u r e  they  l i k e l y  musL be opera ted  au tomat ica l ly ,  Automation, a s  an  irri- 
g a t i o n  management t o o l ,  a s s u r e s  more p r e c i s e  e o n t r o l ~ o f  t h e  quarztity of 
water  app l i ed .  It caz r e s u l t  i n  water  sav ings  and crop y i e l d  improvement 
by d n i m t z i n g  prolonged irkuuadation t i a e  and c r o  sca ld .  In  t h e  f u t u r e ,  
reduced farm l a b o r  re uirements  nay be a s  impor a n t  a s  improved i r r i g a t i o n  
water  c o n t r o l .  

Most of t he  work a t  t s l o c a t i o n  t o  da t e  has been a s soc i a t ed  wi th  l a r g e  
f low r a c e  ( l a r g e  g a t e  and adap ta t ions  t o  automatic  c o n t r o l s  t o  e x i s t i n g  
g a t e s .  Future  r e s e a r  and demonst ra t iona l  s t u d i e s  w i l l  i nc lude  des ign  of 
equipment f o r  s m a l l  farms wi th  an emphasis on development of g a t e s  t h a t  a r e  
s u i t e d  t o  automation. I n  a l l  ca ses ,  t h e  devices  used must be s imple  t o  
o p e r a t e ,  r e l i a b l e  and economicalo I n s t a l l a t i o n  procedures w i l l  be 
developed and mafi~tenance requirements  of t h e  systems w i l l  be determined. 

OBJECTIVES: 

To provide t o  su r f ace  i r r i g a t i o n ,  convenient automated flow c o n t r o l  systems 
t h a t  w i l l  e f f i c i e n t l y  use water and energy resources.  The systems must be 
c o s t - e f f e c t i v e  and r e l i a b l e  enough t o  achieve widespread adopt ion  on both 
l a r g e  and snirlll farms ~i-fiich use  a v a r i e t y  of water supply sou rces  and 
s i z e s  

Automatic i r r i g a t i o n  ga t e  operallion, a s  used i n  t h i s  o u t l i n e ,  means a 
s e r i e s  of g a t e s  o r  water tu rnout  devices  t h a t  a r e  opera ted  remotely t o  
d i v e r t  water  i n t o  bas ins  ar  borders  from a cana l  common t o  a l l  bas ins .  The 
a c t u a t i o n  i s  according t o  some predetermined schedule which may be e i t h e r  
t ime, t ime /d i s t ance  ( l eng th ) ,  o r  water-quant i ty  con t ro l l ed .  

Pneumatic va lve  systems, hydrau l i ca l ly -con t ro l l ed  b u t t e r f l y  va lves ,  
pneumatically-opernEed l i f t - g a t e s ,  r e in fo rced  bu ty l  rubber dams, h y d r a u l i c  
p r e s s u r e  g a t e s ,  and drop g a t e s  a l l  have been o r  a r e  being eva lua t ed  f o r  
automating su r f ace  i r r i g a t i o n  systems* We have used automated c o n t r o l  
equipment s u c c e s s f u l l y  f o r  nea r ly  6 years  on two s i t e s .  The pneumatic 
conlsrols and a c t u a t o r s  have been. f ea tu red  on l i f t - h a t e s  and on conc re t e  
p o r t s  f o r  s u r f a c e  d i s t r i b u t i o n  systems* 

A t  t he  requcs t of the  S o i l  Conservation Serv ice ,  the f i r s t  cos  t-shared 
automated i r r i g a t i o n  syspem was designed and i n s t a l l e d  a s  p a r t  of t h e  
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on-farm irrigation improvement program administered by the SCS in the 
Wellton-Mohawk Irrigation and Drainage District (INIDD) in southwestern 
Arizona* The system was installed in May 1977, and has been in service 
since that timee Twenty-three lift-gate turnouts and two lift-gate checks 
were automated, using pneumatically-operated cylinders. 

PROCEDURE: 

Improve and develop gates, actuators, signaling devices, control center 
components, and power sources considering cost, simplicity, and 
reliability* Procedures will involve construction or adoption of new or 
improved devices follow by adequate field evaluatipn* 
extending single field a tomntion to automatic control of all irrigation on 
a farn unit and finally, implemenEation of automatic controls on an irriga- 
tion district-wide basis- Assist the Soil Conservation Service, private 
consultants, and epuipirieat distzibutors in design and installation proce- 
dures for automated systems. Encourage commercial development of automated 
equipment components* 

RESULTS AND DLSCUSSXOH: 

Six automated irrigation systens have been installed in ehe Wellton-Mohawk 
Irrigarion and Drainage District through 1980, Table 1- Included are 68 
basins, fotaling 465 acres. The original two were at our request to the 
cooperating farmers and were primarily for research and demonstrationaX 
purposes- The last four are operational systems for which we have provided 
design, installation, and maintenance assistance but they have been 
operated by the ownerloperator., These latter farm sites, altbough 
operational, have been used for further research, development, and 
evaluation* 

Six addittonal automated systems have been designed through 1980, Table 2. 
This includes 169 basins on 896 acres. Basins range from 10 acres on clay 
loam soils to just over 3 acres on sand. No specific plans have been made 
for completion of these systems* 

Woodhouse Automation -- Lift-Gates 

This system, installed in 1975, was used through early 1980. The coopera- 
tors discontinued use in the spring of 1980 because incoming flows from t h ~  
Irrigation District were fhxtrmting during the 18-20 hour irrigation - 
period which caused significant under- and over-water applications when the 
time based controller was used. The system had functioned satisfactorily 
during the first 5 years, and a11 components worked when checked in April 
1980. Volumetric control will be added to the system during 3.981, The 
cooperators have agreed to continue use of the system once the conversion 
has been made 

Naciuin Automation -- Ports 

The automated port system was used some during 1980 but use was interrupted 
by polyethylene and copper tubing failures at different times during the 
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year .  Copper tub ing  corroded i n  two l o c a t i o n s  where i t  came out  of t he  
p o u n d *  Corrosion was l i k e l y  caused by an accumulation of s a l t s  a t  the 
s o i l - a i r  i n t e r f a c e .  Sec t ions  were rep laced  and coated wi th  an  a s p h a l t i c  
m a t e r i a l  + 

The polye thylene  tub ing  used t o  s i g n a l  checkgate 2 leaked when used during 
a n  i r r i g a t i o n  i n  I)iIay, hence t h e  checkgate would not func t ion .  The a i r  tube 
r e t u r n i n g  t o  t h e  c o n t r o l  c e n t e r  from the  overflow a t  checkgate  2 was used 
t o  r e p l a c e  the  open tube. Operat ion was continued u n t i l  August when check- 
g a t e s  1 and 2 and bas in  g a t e  8 wouZd not funct ion.  'IJe were a b l e  t o  t r a c e  
t h e  tub ing  t o  f i e l d  g a t e  8 and found both the s i g n a l  and supply tubes  t o  be 
chewed by gop e r s  * The tubes had not  been p ro t ec t ed -  We were unable t o  
f i n d  t h e  cause f o r  the  checkgate malfunct ions,  but  l i k e l y  w a s  a l s o  caused 

s -  Use of t h e  system was n e c e s s a r i l y  d i scon t inuedB Ue have 
agreed t o  replumb the  a i r  supply t o  t h e  p o r t s  and t o  upgrade t h e  system by 
us ing  e l e c t r i c a l  s i g n a l i n g  and volumetr ic  con t ro l .  The coopera tor  is  
w i l l i n g  t o  cont inue  usage of t h e  upgraded system t o  provide l o n g e v i t y  tests 
f o r  components a s s o c i a t e d  mainly wi th  g a t e  a c t u a t i o n  ( p o r t s  and 
l i f t - g a t e s ) .  

1380 completed 4 y e a r s '  ope ra t ion  of t h i s  automated system* The system has 
been used f o r  about 100 i r r i g a t i o n s ,  and cont inues t o  work s a t i s f a c t o r i l y .  
The canvas s l eeves  placed on t h e  c y l i n d e r  rods i n  January 1979 cont inue  t o  
provide  the  needed p r o t e c t i o n  a g a i n s t  a rust- type bui ldup exper ienced  
du r ing  the  f i r s t  2 yea r s  t h e  system was used. Plans a r e  be ing  made t o  
i n s t a l 1  v o l u n e t r i c  c o n t r o l  equipment a t  t h i s  s i t e  dur ing  1981. Associated 
equipment will i nc lude  a d i g i t a l  c o n t r o l l e r ,  mat r ix  s e l e c t i o n  panel ,  and 
e l e c t r i c a l / p n e u m a t i c  conversion us ing  solenoid-operated a i r  va lves .  

Hoffman Automation 

The two Hoffman autonated systems were used on a l i m i t e d  b a s i s  dur ing  1980, 
The s y s t e n s  f ea tu red  s e v e r a l  concepts t h a t  had not  been t r i e d  previous ly :  
(a) a i r  cy l inde r  nounting reversed from t h a t  used on e a r l i e r  systems; (b )  
e l e c t r i c a l  wi re  and tubing  embedded i n  t he  concre te  l i n e d  cana l ,  and (c )  
p o r t a b l e  c o n t r o l  c e n t e r  independent of 110 VAC power. 

Severa l  problems developed wi th  these  systems over t h e  2-year per iod.  The 
problems and changes made and planned are out l ined:  

a .  Air leakage was s i g n i f i c a n t  around the  rod end of t h e  a i r  
c y l i n d e r s .  Cyl.inders were o r i g i n a l l y  mounted wi th  the rods  up f o r  protec- 
t i o n  a g a i n s t  weathering etween i r r i g a t i o n s  -- rods r e t r a c t e d  i n s i d e  
c y l i n d e r .  Dust accumulation around the  rods a l s o , c a u s e d  more leakage*  
When p re s su r i zed ,  t h e  rad end of a c y l i n d e r  w i l l  i n h e r e n t l y  l e a k  more than 
t h e  non-rod end* For t hese  reasons,  to reduce a i r  usage of t he  systems, 
t h e  c y l i n d e r s  were reversed  i n  1980 (rod end extended when g a t e  c l o s e d )  and 
canvas s l eeves  were added t o  p r o t e c t  the  rods. Severa l  a i r  consumption 
tests were conducted. Air consumption wi th  t h e  rods up r igh t  and a11 g a t e s  
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c losed  (no cyc l ing )  averaged 3 and 4 f t 3 / h r  and ranged between 2 and 8 
f t 3 / h r .  When the  c y l i n d e r s  were reversed  the  consumption was about  one- 
t h i r d  t he  o r i g i n a l  (1.0-1-5 f t 3 / h r )  * Both usages would be t o l e r a b l e  wi th  
t h e  b o t t l e d  a i r  supply (60-75 and 160-230 h r s / b o t t l e )  but  when Ehe cy l in -  
d e r s  were cycled the  usage was unpredic tab le*  I f  a l l  a i r  c y l i n d e r  rod 
s e a l s  were func t ioning  properly,  l o s s e s  would not  be much h igher  than 
r e p o r t e d ,  But i n  most i n s t ances ,  a t  l e a s t  one cy l inde r  would l e a k  
apprec i ab ly  dur ing  an i r r i g a t i o n  r e q u i r i n g  excess ive  air and i n  some 
i n s t a n c e s  would empty a b o t t l e  o r  cause t h e  DC powered a i r  compressor t o  
o p e r a t e  excess ive ly .  A i r  usage, however, i s  t o l e r a b l e  when cons ider ing  an 
AC powered a i r  compressor. 

be The embedded wire  and tubing a t  Hoffman ~ n t c r ~ r i s e s  #1 remained 
f u n c t i o n a l  through 19 The new wire  and tubing  encased i n  PVC i n  1979 at 
t h e  Joe  lloffman #I sy  e m  a l s o  funct ioned proper ly  dur ing  1980. 

c .  The po r t ab l e  c o n t r o l  c e n t e r ,  a l though f u n c t i o n a l ,  c r e a t e d  s e v e r a l  
l i m i t a t i o n s  i n  proper usage of t h e  automated systems. Since air  usage was 
unpred ic t ab le ,  t h e  f i x e d  volume air  b o t t l e  approach t o  supplying a ir  f o r  
t h e  systems was u n s a t i s f a c t o r y +  The inconvenience of exchanging the  
b o t t l e s  on a r e g u l a r  b a s i s  was a l s o  a concern. Maintenance of b a t t e r i e s  
was somewhat of a problem- 

Considering the  va r ious  problems ou t l i ned ,  p lans  a r e  being made t o  provide 
AC powi2r t o  each s i t e  and t o  add volumetr ic  c o n t r o l  equipment and asso- 
c i a t e d  c o n t r o l l e r .  Hoffman p lans  t o  move an AC powered a i r  compressor from 
s i t e  co s i t e  f o r  each i r r i g a t i o n .  Volumetric i n t e r f a c e  equipment and the  
c o n t r o l l e r  ~ 1 1 2  be permanently f i xed  at each of t h e  f i e l d  s i t e s .  

A t  t he  request of t he  S o i l  Conservation Serv ice  and McElhaney and McDonnell 
another  autonated sys  kern  was designed and i n s t a  l e d  i n  1980. The 76-acre 
fieZc1 is  d iv ided  i n t o  n ine  bas ins  with water appl ied from a concrete- l ined 
cana l  about. 2300-fls- long, Figirre ls Single  l i f t - g a t e  i n l e t s  t o  t h e  
i n d i v i d u a l  bas ins  were automatedo The system is  on r e l a t i v e l y  s t e e p  
t e r r a i n  which r equ i r ed  four  checkgates.  Checkgate and s a f e t y  overf low 
l o c a t i o n s  a r e  shown i n  Figure 1. 

This  system f e a t u r e s  t h e  f i r s t  volumetr ic  c o n t r o l  equipment used on any of 
Che systems i n  t h e  WtGIIIZZDD- Ln a d d i t i o n  new procedures f o r  s i g n a l i n g  f i e l d  
g a t e s  were t r i e d ;  c o n t r o l  c e n t e r  l o g i c  was developed t o  meet t h e  requi re -  
ments of s a f e t y  overflow; checkgatc s igna l ing ;  and water  d i s p o s a l  a f t e r  
shut-down; and procedures f o r  equipnant i n s t a l l a t i o n  were s i m p l i f i e d *  

The b a s i c  canponents t o  a t t a i n  volumetr ic  c o n t r o l  r a t h e r  than  t ime based 
c o n t r o l  were: 
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a .  12 - s t a t i on  microprocessor based c o n t r o l l e r / t i m e r s  manufactured by 
RainBird Spr ink le r  Mg.  Corp. (Model CIC-L~)L/ -- a v a i l a b l e  commercially. 

b ,  Capaci tance probe used t o  d e t e c t  water l e v e l  (depth)  a t  flume and 
a s s o c i a t e d  e l e c t r o n i c  package requi red  t o  a t t a i n  depth t o  e l e c t r i c a l  s i g n a l  
and l i n e a r i z i n g  equipment- Equipment used was produced by Endress and 
Hauser, Inc  and included : 

1. Capacitance probe and l e v e l  measurement package. An e l e c t r a -  
magnet ic  f i e l d  i s  s e t  up between t h e  probe and w a l l  of t he  v e s s e l *  A s  t h e  
capac i t ance  changes (as  water r i s e s  between the  probe and w a l l ) ,  t h i s  
change is t r a n s l a t e d  t o  a  l i n e a r  DC output  which i s , w a t e r  l e v e l  
p ropor t iona l .  

e c t r o n i z  flow conver te r .  Converts t he  non-l inear  ou tput  
by t h e  equtpment descr ibed 3n (1)  t o  a n  output  p ropor t iona l  

t o  f low of a  non-linear primary flow measuring device such a s  a  flume. 
Th i s  ou tput ,  p ropor t iona l  t o  flow, can be v o l t s ,  amps, o r  pulsed output .  
For t h i s  p a r t i c u l a r  system the  pulse  genera tor  system was used. 

c .  A pu l se  genera tor .  Time-based c o n t r o l l e r  i n t e r f a c e  w a s  developed 
i n  coopera t ion  wl th  t h e  RainBird Spr ink le r  EEg, Corpo t o  ad j u s t  t h e  time 
base  a s  flow r a t e  changed from a pre-selected nominal flow r a t e .  FeaLures 
of  t h e  i n t e r f a c e  system included:  

1- S e l e c t  r e s o l u t i o n  of e i t h e r  1- o r  6-minute (1/10 hour ) -  

2- Defau l t  t o  t i n e  base,  a t  pre-selected nominal flow, i f  p u l s e  
o r  i f  no% received i n  pre-establ ished time frame. 

3 .  Nominal flow a r b i t r a r y  and a t  o p e r a t o r 9  s preference .  

An i r r i g a t i o n  guide f o r  McElhaney-McDo~znell #2 (NM #2 )  was developed i n  
tshich c o n t r o l l e r  s e t t i n g s  a r e  i l l u s t r a t e d  f o r  each bas in  f o r  va r ious  appl i -  
c a t i o n  depths ,  'Figure le These s e t t i n g s  r ep re sen t  time at nominal flow 
(minutes  f o r  a p p l i c a t i o n  dep'chs l e s s  than 3-112 inches and hours  
o the rwi se )  Nominal flow was s e l e c t e d  a s  24*4 f t 3 / s ,  hence one minute a t  
nominal flow r e p r e s e n t s  0.407 acre-inch (1464 f t 3 ) -  The i n t e r f a c e  reduces 
nominal time u n i t s  i f  t he  flow r a t e  is g r e a t e r  than nominal and i n c r e a s e s  
t h e  time u n i t s  f o r  flotss below nominal, e f f e c t i v e l y  a d j u s t i n g  volume 
d e l i v e r e d  by the changed time periods.  

The temperature s t a h L l i t y  of t he  capaci tance probe was eva lua ted  exten- 
s i v e l y  a t  the laboraEory, both indoors  and outdoors.  I n  a d d i t i o n  the  
probe-interface-contr01ler system was eva lua ted  and found t o  work 

1/ Trade wries and company names a r e  included f o r  t he  b e n e f i t  of t he  - 
r e a d e r  and i s p l y  no eadorsenent or  p r e f e r e n t i a l  t rea tment  oE t h e  product 
l i s t e d  by USDA. 
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s a t i s f a c t o r i l y .  The volumetr ic  equipment was i n s t a l l e d  i n  October 1980 and 
was used fou r  t imes through the  end of 1980- The e f f e c t i v e n e s s  of t h e  
volumetr ic  equipment i s  shown i n  Table 3, i n  which t h e  adjustment  of t h e  
t i n e  based c o n t r o l l e r  is i l l u s t r a t e d  f o r  a  flow r a t e  of about 1 f t 3 / s  below 
nominal (23.4 f t3/s o r  4- 1%). The adjustments  a r e  s a t i s f a c t o r y ,  e s p e c i a l l y  
s i n c e  t h e  r e s o l u t i o n  is  l i m i t e d  t o  one f u l l  d i g i t  ( 1  minute). 

The f u n c t i o n a l  requirements of s a f e t y  overflow, checkgate s i g n a l i n g ,  and 
water  rundown a f t e r  t he  f i n a l  bas in  was i r r i g a t e d  were developed, Table 4. 
The l o g i c  c e n t e r  was then  designed and b u i l t  t o  provide t h e  necessary  
f u n c t i o n s ,  f i r s t  using a  microprocessor based system, and l a t e r  u s ing  
e lec t ro- raechanica l  r e l a y s ,  The r e l a y s  a r e  favored over  the  microprocessor  
s i n c e  they  a r e  more r e a d i l y  maintained i f  a  nlalfunction should occur.  The 
r e l a y  l o g i c  c e n t e r  was i n s t a l l e d  i n  e a r l y  1981. 

The system is  remotely s t a r t e d  by ope ra t ion  of t he  f i r s t  overf low near  
b a s i n  g a t e  2, F igure  1. The c o n t r o l l e r  r e q u i r e s  a  switch c l o s u r e  ro  
remotely s tar t ,  Since checkgates  a r e  normally open, t h e  f i r s t  checkgate 
must be c losed  t o  e f f e c t  an overflow (go t o  s t a t i o n  1 of c o n t r o l l e r  when ' 

f i e l d  cana l  nea r ly  f u l l ) .  Two DPDT r e l a y s  were used t o  provide t h e  remote 
s t a r t ,  F igure  2. 

The c o n t r o l l e r  used, advances ' through the  12 s t a t i o n s  i n  sequence. To pro- 
v i d e  random sequencing a mat r ix  board was used, Figure 3, wi th  inpu t  t o  t h e  
board f r o n  the  c o n t r o l l e r  (n lne  s t a t i o n s  f o r  P,LM #2) and output  t o  t he  bas in  
s t a t i o n s  -"- input  t o  t h e  c o n t r o l  cen te r  l o g i c  r e l a y s *  I n  a d d i t i o n ,  the  
g a t e s  can be operated manually ( i f  c o n t r o l l e r  should malfunct ion)  by 
p inning  the  des i r ed  basin on the  14ANUAL row of t h e  n a t r i x *  Gates t o  be 
used i n  case  o f  ove r f lov~  and excess  water d i sposa l  can be s e l e c t e d  a t  t h e  
matrix* The :-%AXUAL matrix row i s  con t inua l ly  powered by 24 VAC, i n p u t  t o  
OoF. #1 and OIF* i.2 i s  from t h e  f l o a t  switches at overflows 1 and 2, 
r e s p e c t i v e l y ,  and IZUND3J.IR i npu t  is  from s t a t i o n  10 of t h e  c o n t r o l l e r .  

Rather than  hardwiring from the  c o n t r o l  cen te r  t o  each ga t e ,  a  p a i r  of 14 
ga w i r e s  were daisychained t o  a l l  g a t e s  t o  power t h e  24 VDC so lonoid  
opera ted  4-way air  valves.  Switching the 24 VDC power t o  s p e c i f i c  g a t e s  
( v a l v e s )  was accomplished by us ing  a 24 VAC SPDT r e l a y ,  s igna led  us ing  22 
ga t e l e p h m z  wire,  F igure  4, A 24 V D C  power supply was s e l e c t e d  wi th  
a d j u s t a b l e  vo l t age  output  and remote sens ing  f e a t u r e s *  The output: v o l t a g e  
i s  a d j u s t e d  t o  provide t h e  r equ i r ed  nominal 24 V D C  nea r  the load cen te r .  
For t h e  WI #2 f l e l d  a  p a i r  of 22 ga wi re s  a r e  used t o  sense t h e  v o l t a g e  
nea r  b a s i n  6. 

Gate mod i f i ca t ion  to recei.ve t h e  a i r  cy l inde r s  has, been s t anda rd ized  by 
a t t a c h i n g  clle cy l inde r  t o  an angle- i ron welded t o  t he  ga t e ,  and a connector  
between the  cy l inde r  rod and rod used t o  manually open the  ga t e .  
Genera l ly ,  an 18 inch g a t e  opening is  adequate* Normally open g a t e s  (w i th  
h e l i c a l  s p r i n g s )  use n 4-1/2-inch bore cylinder while  normally c losed  g a t e s  
(no s p r i n g )  use  a  3-2/2--inch bore cy l inde r .  Closure f o r c e  of a normally 
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open g a t e  a t  60 p s i  is  950 pounds while  opening f o r c e  of a normally c losed  
g a t e  is  530 pounds. H e l i c a l  sp r ings  used on the  P@f #2 system were t h e  same 
as those  on the  I-Ioffman automation* They were mounted e x t e r n a l l y  r a t h e r  
than  i n t e r n a l l y  a s  has  been done i n  the  pas t .  The sp r ings  provide  a g a t e  
opening of 13 t o  14  inches taith a sp r ing  fo rce  of about 500 pounds when 
d i sp l aced  (compressed) 18 inches.  

A p a r t s  l i s t  has  been developed f o r  t h e  automated l i f t - g a t e  systems t o  
accommodate the  SCS and farmer r e q u e s t s *  The list is d iv ided  i n t o  
s e c t i o n s :  c o n t r o l  cen te r ,  g a t e  modi f ica t ion ,  overflow, and miscelZaneous 
m a t e r i a l s  from c o n t r o l  cen te r  t o  ga t e s .  

S i x  f i e l d s  of leve l -bas ins  have been automated through 1980 i n  t h e  
Wellton-Mohawk l r r i g z t i o n  and Drainage D i s t r i c t *  The o r i g i n a l  two 
(Voodhouse and Nzqu5n) were a t  our r eques t ,  and were f o r  r e sea rch  and 
demonstrat ion purposes. The l a s t  four  (McElhaney-$lcDonnell and Hoffman -d 
two systems each)  are o p e r a t i o n a l  systems f o r  which w e  have provided des ign  
in fo rma t ion  and i n s t a l l a t i o n  a s s i s t ance .  Even though t h e  l a t t e r  fou r  
systems are o p e r a t i o n a l  they have been used f o r  research ,  development, and 
e v a l u a t i o n  purposes. Items such as (1)  c o n t r o l  cen te r  independent of 110 
VAC power; (2) b o t t l e d  a i r  o r  n i t rogen  gas used t o  power g a t e s ;  (3)  encase- 
ment of e l e c t r i c a l  wi re  and a i r  tub ing  f o r  gopher p r o t e c t i o n  i n  conc re t e ,  
du r ing  l i n i n g  of t h e  cana l  and two techniques of placement i n  I?VC p ipe ;  ( 4 )  
a i r  c y l i n d e r  placement/rod p ro t ec t ion ;  (5) d i f f e r e n t  procedures  f o r  
s i g n a l i n g  g a t e s ;  (6) modified c o n t r o l  cen te r  l o g i c  us ing  microprocassor  and 
electro-mechanical  r e l a y s  t o  provide t h e  requirements of s a f e t y  overf low,  
checkgate  s i g n a l i n g ,  and water d i sposa l  a f t e r  shutdown; (7) s i m p l i f i e d  pro- 
cedures  f a r  equipment i n s t a l l a t i o n ;  and (8)  development of an equipment 
package (from c.ominercia1 sources)  t o  provide volumetr ic  r a t h e r  t han  t ime 
based c o n t r o l ;  have a l l  been researchldevelopment i tems over t h e  p a s t  
4-year per iod.  

To d a t e  465 a c r e s  have been automated i n  t h e  Vellton-Nohawk I r r i g a t i o n  and 
Drainage D i s t r i c t  which inc ludes  68 bas ins  and 13 check gates.. We have 
provided design information f o r  an a d d i t i o n a l  896 ac re s ,  bu t  no s p e c i f i c  
p l ans  f o r  completion have been madeo 

Gophers chewed some polyethylene tubes on the Naquin automated p o r t  system 
i n  1980+ Hence a f t e r  5 yea r s '  opera t ion  the  unprotected tubes  f a i l e d .  The 
system t ~ e l L  be replumbed and rewired during 1981, 

The a i r  c y l i n d e r s  t:i;ed on the  two Hoffman systems were mounted wi th  t h e  rod 
end up - r eve r se  of a l l  previous systems* When p re s su r i zed ,  t h e  rod end 
of a c y l i n d e r  i n h e r e n t l y  l eaks  more than the non-r,od end. Dust and d e b r i s  
a l s o  c o l l e c t  on the  ends oE t h e  cy l inde r s  between i r r i g a t i o n s ,  and are 
pu l l ed  i n t o  the  rod s e a l  when opera ted*  Resul tan t  leakage may be exces s ive  
and i s  unpred ic t ab le -  The c y l i n d e r s  were reversed i n  1980 wi th  t h e  rod end 
down. I an recommending such a cy l inde r  ga t e  mounting on a l l  f u t u r e  
systerm 
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One system, i n  which the  e l e c t r i c a l  wire  and polyethylene tubes  were 
encased i n  t he  concre te  when the  cana l  was slipEormed, remained f u n c t i o n a l  
du r ing  1980* 

klaintenance of b a t t e r i e s  ( rechargeable)  and a i r  b o t t l e s  ( replacement)  
c r e a t e d  some l i m i t a t i o n s  i n  proper useage of the  ZIoEEman automated systems 
which were independent of 110 VAC power. Provis ions  a r e  being made t o  pro- 
v i d e  AC power t o  each s i t e  t o  reduce the  maintenance requirement of t h e  
p o r t a b l e  c o n t r o l  cen te r .  

A new automated l i f t - g a t e  system was designed and i n s t a l l e d  on t h e  
PfcElhaney-~~IcDonnell farm during 1980. The 76-acre f i e l d  is  d iv ided  i n t o  
n i n e  bas ins  lwhich range from 3.3  t o  8.7 acres .  The system featctred (a )  an 
equipment package t o  provide volumetr ic  r a t h e r  than time based c o n t r o l  a5 
t h e  swi tch ing  dec i s ion  from bas in  t o  bas in  and (b) new procedures f o r  
s i g n a l i n g  f i e l d  g a t e s *  Control  c e n t e r  l o g i c  was developed t o  meet requi re -  
ments of s a f e t y  overfiow, checkgate s igna l ing ,  and water d i s p o s a l  a f t e r  
shutdown* A capac i tance  probe was used t o  d e t e c t  t he  water depth a t  t h e  
flume. The performance requirements  f o r  the  v o l u n e t r i c  equipment w a s  pro- 
vided t o  commercial f i rms*  Subsequently, i n t e r f a c e  equipment between a 
commercially a v a i l a b l e  c o n t r o l l e r  and the  capac i tance  equipment was 
developed by the  c o n t r o l l e r  manufacturer,  The e n t i r e  package ( c o n t r o l l e r ,  
i n t e r f a c e ,  and capac i tance  probe) was thoroughly t e s t e d  under c o n t r o l l e d  
l a b o r a t o r y  s imula t ions  oE f i e l d  condi t ions  and was subsequent ly i n s t a l l e d  
i n  t h e  f i e l d o  It was used t o  c o n t r o l  four  i r r i g a t i o n s  through t h e  end of 
1980 

A l l  au to~nated  siees i n  the Wellton-klohcrwk I r r i g a t i o n  and Drainage District 
w i l l  be f i t t e d  with voEumerric c o n t r o l  equipment dur ing  1981. 

Allen R. 
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Table 1, Automated i r r i g a t i o n  systems i n  Wellton-Nohawk I r r i g a t i o n  and 
Drainage District 

Number Number Number 
Year of of o f 

I n s t a l l e d  & m e r / ~ p e r a t o r  Acres Basins Checkgates Overflows 

197921 Joe  Boffmzn #1 110 8 2 3 
Hoffman E n t e r p r i s e s  # l  80 12  1 2 

1  SO,?/ McEZhaney & PlcDonnel1 #2 76 - 9 - 4 - 5 - 
T o t a l  465 68  1 3  19  

1/ Research/Demonstratian a t  USDA-SEA-AR reques t .  - 
2/ Aurornated p o r t s  -- a l l  o t h e r s  w r e  1- if t -gates ,  - 
3 /  Opera t iona l  systems, cos t  shared by SCS. - 
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Table 2. Automated i r r i g a t i o n  systems designed a t  the request  of 
individual  owner/operators or  the Special P ro jec t s  Office 
of the SCS i n  Wellton, Arizona. A 1 1  systems a r e  i n  the  
Wellton-Mohawk I r r i g a t i o n  and Drainage D i s t r i c t  

0rmerjOperator Acres 
Number of Number of Number of 

Basins Checkgates Overflows 

Naquin (Davidson) 100 11 3 4 

Naquin (Lower 80) 80 8 2 3 

Hoffman Enterpr ises  #3 187 2 0 10 9 

Hoffman Enterpr ises  #4 104 14 5 6 

G i l l e t t e  5 5 18 4 6 

Ro t h  G Kernp 370 - 98 - 14 - 15 - 
Total  896 169 3 8 43 
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Table 3. Ef fec t iveness  of volumetr ic  equipment i n  a d j u s t i n g  time based 
c o n t r o l l e r  t o  r e f l e c t  a  flow r a t e  somewhat below t h e  24-4  
f t 3 / s  nominal flow r a t e *  Data obtained dur ing  an i r r i g a t i o n  
at: ElcElhaney-ElcDonnell 92 i n  January 1981 on the  f i r s t  s i x  
b a s i n s  

I r r i g a t i o n  Time 

Actua l  
Basin Area F l o w ~ a t & /  Se t  ca lcu la te&/  I~leasured 

(Acres) ( f t 3 / s )  -Me------- (Elinutes) ---------- 
1 3.3 23.5 19 19.7 20 

2 8. 0 23-  1 4 5 47.5 4 7 

3 4 + 9  23.4 2 5 29.2 29 

4 8 -  1 23.4 4 6 48.0 47 

5 8- 7 2 3 - 4  54 56.3 56 

6 8.4 23.7 5 9 60e7 6 2 

I /  Values determined from e l e c t r o n i c s .  - 

2/ Calcula ted  us ing  r a t i o  of nominal flow r a t e  t o  a c t u a l  flow r a t e  - 
measured 
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Table 4. Func t iona l  requirements of automated g a t e s  on PlcElhaney- 
McDonnel 112. A l o g i c  c e n t e r  was. designed and b u i l t  t o  meet: 
t h e s e  f u n c t i o n a l  requirements us ing e l ec t ro -mechan ica l  r e l ays .  

Gate kmberL1 Condi t ions  f o r  Gate t o  Operate 

Basin  1 

Basin 2 

Basin 3 

Basin 4 

Basin S 

Basin 6 

Basin 7 

Basin  8 

Basin 9 

Checkgate 1 

Checkgate 2 

Checkgate 3 

Checkgate 4 

S i g n a l  from c o n t r o l l e r  t o  bas in  l ,r overf low 2 sensed 
and bas in  1 s e l e c t ~ d  a s  overflow b a s i n  ( r e f e r  t o  
F igure  3).  

Signa l  from c o n t r o l l e r  t o  bas in  2 overflow 1 sensed 
and b a s i n  2 s e l e c t e d  a s  overELow basin .  

S igna l  from c o n t r o l l e r  t o  b a s i n  3 %  overflow 1 sensed 
arid bas in  3 s e l e c t e d  a s  overflow basin.  

S igna l  from c o n t r o l l e r  t o  bas in  4 overf low 2 sensed 
and bas in  4 s e l e c t e d  a s  overflow basin .  

S igna l  from controller to  b a s i n  5 5 overflow 2 sensed 
and b a s h  5 s e l e c t e d  a s  overflow basin .  

S i g n a l  from c o n t r o l l e r  t o  bas in  6 or overf low 3 sensed. 

S igna l  from c o n t r o l l e r  t o  b a s i n  7 L L ~  overflow 4 sensed 
o r  when i n  rundown mode bas in  7 s e l e c t e d  z s  rundown - 
bas in .  

S igna l  from c o n t r o l l e r  t o  b a s i n  8 overflow 5 sensed 
o r  when in  rundoran =ode bas in  8 s e l e c t e d  a s  rundown - 
basin .  

S i g n a l  from c o n t r o l l e r  t o  bas in  8 L L ~  when i n  rundown 
mode b a s i n  8 s e l e c t e d  a s  rundown bas in  9 b a s i n  9' 
no t  s e l e c t e d  a s  rundom basin  overf low 5 no t  sensed. 

S igna l  from c o n t r o l l e r  t o  bas ins  1, 2, o r  3 
overflow 1 sensed but checkgate 1 no t  s e l e c t e d  a s  
overf low g a t e  and not  i n  rundown mode. 

S igna l  from c o n t r o l l e r  t o  b a s i n s  4 o r  5 overflow 
2 senscd but  checkgate 2 not s e l e c t e d  a s  overflow 
g a t e  no t  i n  rundown mode. 

S igna l  f r o n  c o n t r o l l e r  t o  bas in  6 @ overflow 3 n o t  
sensed and not  i n  rundown mode. 

S igna l  from c o n t r o l l e r  t o  b a s i c  7 and overflow 4 not 
sensed and when I n  rundown mode bas in  7 s e l e c t e d  a s  
rundorm bas in  & bas ins  8 and 9 not s e l e c t e d  as 
rundown bas ins  . 

11 Basln g a t e s  1 through 8 n o m a l l y  c losed whi le  b a s i n k g a t e  9 and a l l  - 
checkgates  normally open. 
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IRRIGATIOtl GUIDE 

Water Eron irrigation D i s t r i c t  

BASIN ACRES 
CONTROLLER SETTING, MIPI. 
APPLICATI0:I DEPTHS, IN. 

BASIN ACRES 
COSTROLLER SETTING, HR. 
APPLICATION DEPTHS, IN. 

4 4-1/2 5 5-112 6 7 8 9 10 

Figure  1. F i e l d  l ayou t  f o r  automated i r r i g a t i o n  system on 
McElhaney".McDonnell (MH #2) farm (9 .basins , ,  76 
a c r e s ,  and concre te  l i n e d  cana l  about 2300 f t  long)  
and c o n t r o l l e r  s e t t i n g s  f o r  24.4 f t 3 / s  f low r a t e .  

8 4 
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RELAY 1 
RELAY 2 

CONTROLLER 

SIGNAL TO 
CHECKGATE 1 

OVERFLOW 1, FLOAT SWITCH 

Figure 2 .  Sclmnatic diagram of two DPDT r e l a y s  used t o  e f f e c t  
automatic (remote) s t a r t  of t h e  c o n t r o l l e r  when an 
overflow is sensed, System shown before set f o r  
a u t o s t a r t ,  To set t h e  system f o r  remote s t a r t  t h e  
opera tor  molnentarily c loses  t h e  pushbutton switch,  
which l a t c h e s  r e l a y  1 and provides a 24 VAC s i g n a l  t o  
checkgate 1 (closes  gate)  -- a u t o s t a r t  armed. When 
an overflow i s  sensed, t h e  f l o a t  switch c l o s e s ,  causing 
r e l a y  2 t o  switch which provides a c i r c u i t  c l o s u r e  t o  
t h e  c o n t r o l l e r  (advances t o  f i r s t  s t a t i o n )  and opens 
t h e  24  VAC power supply which disarms r e l a y  1. Any 
subsequent overflow closure  w i l l  cause r e l a y  2 t o  switch 
but  w i l l  no t  adversely a f f e c t  the  c o n t r o l l e r .  
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Output t o  Basins  
o r  Checkgaces 

BASIN # 

1 2 3 4 5 6 7 8 9  1 2  
1 0 0 0 0 0 0 0 0 0  I I I 

COZjTIiOLLER s RUNDOWN O O O O O O O O O 
STATIOX 10 

Figure 3 .  Matr lx  board l o c a t e d  a t  t h e  PlcELhaney-XcDonne11 82 Control  Center ,  
t o  p rov ide  random sequence s e l e c t i o n ,  manual r a t h e r  than c o n t r o l l e r  
o p e r a t i o n ,  g a t e  s e l e c t i o n  i f  overf low sensed a t  f i r s t  two overf lows 
o f  system, and excess  water  d i s ~ o s a l  a f t e r  l a s t  b a s i n  i r r i g a t e d  
(RENDOVN) . 
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Signa l  

Figure  4. Diagram of r e l a y  and solenoid operated air v a l v e s  loca ted  
a t  each g a t e  of t h e  HcElhaney-XcDonnell 1 2  automated 
i r r i g a t i o n  system. 
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TITLE: RUBBER AND RESIN ANALYSIS I N  GUAYULE 

NRP: 20740 CRIS WORK UNIT: 5510-20740-TBD 

INTRODUCTION: 

R e l i a b l e  rubber  and r e s i n  ana lyses  a r e  r equ i r ed  t o  i n s u r e  proper  eva lua t ion  
of rubber  and by-product product ion by t h e  guayule p l an t .  Various s o l v e n t  
ex t r ac t ion  methods have been developed with some depending upon l eng thy  
e x t r a c t i o n  procedures  (Spence and Caldwell, 1933); and the  need f o r  c a r e f u l  
sample p repa ra t ion  (Nolmes and Robbins, 1974). Garrot  et  a l .  (1981) 
adapted l i q u i d  n i t rogen  f r e e z i n g  of t h e  p l a n t  m a t e r i a l  t o  avoid e x t e n s i v e  
g r ind ing  and t o  speed sample prepara t ion .  Other methods a r e  a v a i l a b l e  such 
as t h e  t u r b i m e t r i c  (Traub, 1946) and the  nuc lear  magnetic resonance tech-  
n iques  (Pokoyama, 1980)- The equipment c o s t  of t he  l a t t e r  system is  
p r o h i b i t i v e  f o r  most a n a l y t i c a l  l a b o r a t o r i e s .  No "standard" a n a l y t i c a l  
procedure has been adapted f o r  u n i v e r s a l  use a t  present .  

Rubber ana lyses  f o r  a l a r g e  number of samples were a n t i c i p a t e d  wi th  t h e  
vork  being i n i t i a t e d  on guayule product ion a t  t h i s  l abo ra to ry .  Since no 
r e l i a b l e  source  could be used t o  ana lyze  our sample, i n v e s t i g a t i o n s  were 
s t a r t e d  t o  develop one t h a t  f i t t e d  our immediate needs. 

P l an t  samples were d r i e d  i n  a convection oven a t  50°C f o r  24 hours  t o  7 
days*  The l a r g e r  s anp le s  w e r e  c u t  i n t o  small  p ieces  t o  h a s t e n  drying.  
Dried samples were ground i n  a R i l ey  m i l l  and passed through e i t h e r  
1 0  (2  m)- or  20 ( 1  mm)-mesh screens.  The ground sample (100 t o  250 nig) 
was t r e a t e d  with 10 m 1  acetone i n  a 50-1111 c u l t u r e  tube. The s toppered  tube 
(aluminum f o i l  p ro t ec t ed  t h e  neoprene s toppers )  was placed i n  an u l t r a s o n i c  
b a t h  system f o r  15 minutes t o  cause continuous, r ap id  a g i t a t i o n  of t h e  
p l a n t  sample i n  t h e  s o l v e n t -  The mixture was cen t r i fuged  a t  2000 rpm f o r  8 
n i n u t e s ,  and the  superna tan t  l i q u i d  decanted i n t o  pre-weighed aluminum 
weighing d ishes .  Acetone e x t r a c t i o n  was repeated twice f o r  a t o t a l  af 
t h r e e  e x t r a c t i o n s .  (A s e p a r a t e  s tudy  showed t h a t  t h i s  was s u f f i c i e n t  t o  
e x t r a c t  out  t h e  acetone-soluble  r e s in . )  The l i qu id - r e s in  mixture  was d r i ed  
t o  cons t an t  weight i n  a fume hood a t  roon temperature and r e s i n  es t imated  
2rom the  f i n a l  weight. 

The ace tone- t rea ted  r e s idue  In the tube was d r i e d  a t  50°CI Then, LO n i l  of 
one of t h e  rubber e x t r a c t a n t s ,  hcxane, cyclohexane o r  t e t r ahydro fu ran  (THF) 
were added t o  t he  acetone-free resl 'due- The remaining rubher e x t r a c t i o n  
procedure followed t h a t  f o r  t h e  acetone e x t r a c t i o n .  The percent  of rubber  
and r e s i n  was based on 50°C d r i e d  p l a n t  m a t e r i a l s -  

PSSULTS AND DISCUSSION: 

The percentages of r e s i n  and rubber ex t r ac t ed  from a 200 nlg sampXe s i z e  
with t h e  vz r ious  s o l v e n t s  a r e  compared i n  Table 1. The TfIF e x t r a c t e d  
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approximately two times t h e  rubber than the  o the r  so lvents .  The hexane and 
cyclohexane, however, gave va lues  c l o s e r  t o  the  NblR a n a l y s i s .  Reproducible 
r e s i n  ana lyses  ( c o e f f i c i e n t  of v a r i a t i o n  of 3%) could be obta ined  wi th  t h e  
ace tone  e x t r a c t i o n .  The rubber e x t r a c t i o n  %?as more v a r i a b l e  (11  t o  16% 
c o e f f i c i e n t  of v a r i a t i o n ) .  This v a r i a b i l i t y  could be decreased by us ing  a 
l a r g e r  s a a p l e  s i z e .  

Table 1. Resin and Rubber Ext rac ted  from a Guayule Sample 

Resin (Acetone) Rubber 

5 - 4  2 0.1 1.3 k 0 0 3  (Hexane) 

5.3 rtr 0.2 1.6 0 . 2  (Cyclohexane) 

5.4 0 - 2  2.7 rtr 0,4 (Tetrahydrofuran)  

.d Nuclear magnetic resonance a n a l y s i s  by 8. Pokoyama, F r u i t  & 
Vegetable  Chemistry Laboratory, USDA-AR-SEA, Pasadena, C a l i f o r n i a .  

The sol.vcrrt e x t r a c t i o n  technique used here  removes rubber p l u s  any o t h e r  
m a t e r i a l s  s o l u b l e  i n  t h e  so lven t .  S imi la r  procedure made on cocton stem 
samples w i t h  t h e  t h r e e  s o l v e n t s  gave va lues  of 0,4% e x t r a c t a b l e  m a t e r i a l .  
However, t he  p o s s i b i l i t y  e x i s t s  f o r  r e l a t i n g  rubber e x t r a c t i o n  percent  by 
t h e  so lven t  method wi th  t h e  IJMR technique so t h a t  a r e g r e s s i o n  equat ion  can 
be developed between t h e  two a n a l y t i c a l  methods. A s  i n d i c a t e d  e a r l i e r ,  t h e  
e x t r a c t i o n  iu~ thod  r e q u i r e s  less expensive equipment. I n  t h e  procedure used 
h e r e  25 t o  50 analyses  could be run per day, once the  p l a n t  samples a r e  
ground. 

The so lven t  e x t r a c t i o n  technique was t e s t e d  using t h r e e  d i f f e r e n t  s o l v e n t s  
f o r  determining rubber  i n  the guayule p l an t .  The method is r a p i d  and 
r e q u i r e s  only s tandard  l a b o r a t o r y  equipment. The i n i t i a l  r e s u l t s  g i e e  ana- 
l y t i c a l  va lues  c l o s e  t o  another  independent method. Addi t iona l  work needs 
t o  be done, however, t o  improve on t h e  p rec i s ion  and t o  cover  t h e  wider 
range  of rubber  content  t h a t  w i l l  be encountered i n  the  f i e l d .  
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TITLE: MOISTUXE STRESS AND WATER-USE RELATIONS OF YOUNG GUAYULE PLANT 

PRP : 20740 CRIS WORK UNIT:  5510-20740-TBD 

INTRODUCTION: 

An important  requirement f o r  t he  succes s fu l  comnerc ia l iza t ion  of guayule 
f o r  rubber  product ion is an adequate understanding of t h e  water requi re -  
ments of t h e  p l an t .  I3hile guayule i s  considered drought t o l e r a n t  i n  i t s  
n a t i v e  h a b i t a t ,  improvement i n  rubber  y i e l d s  can be achieved by promoting 
f a s t e r  biomass product ion and h igher  rubber content  .through c o n t r o l l e d  
supplemental  i r r i g a t i o n *  The q u a n t i t y  of water app l i ed  and i r r i g a t i o n  
t iming  are important  f a c t o r s  t o  be considered s i n c e  rubber s y n t h e s i s  and/or  
accumulat ion is  r e l a t e d  t o  environmental s t r e s s  imposed on the  p l an t .  

Methods a r e  under development f o r  scheduling i r r i g a t i o n s  based on p l an t  
watex stress measuremants us ing  i n f r a r e d  thermometric techniques  ( Idso  
e t  a l * ,  1981; Jackson e t  al. ,  1981). Because of guayule 's  d i f f e r e n t  growth 
p a t t e r n  and product compared t o  t h e  economic crops used i n  prev ious  
i n v e s t i g a t i o n s ,  s t u d i e s  were undertaken t o  de t e rn ine  whether remote sens ing  
techniques  could be used t o  c h a r a c t e r i z e  water s t r e s s  i n  t h e  drought  
adapted guayule,  and how i t  can be used f o r  scheduling i r r i g a t i o n -  

The guczyu3.c experiment o r i g i n a l l y  designed f o r  subsur face  C02 enrichment 
s t u d i e s  was modified t o  accominodate the mois ture  s t r e s s  i n v e s t i g a t i o n -  

Two v a r i e t i e s  (593 and 11591) of 3-month-old guayule s e e d l i n g s  o r i g i n a l l y  
grown i n  the  greenhouse were t r ansp lan ted  on 23 A p r i l  19S0, on 3.0 by 1.8 
meter  p l o t s .  Four p l an t  rows 46 em a p a r t  wi th  p l an t  spac ing  of 36 cn  werc 
used per  p lo t .  Three water  conten t  l e v e l s  i n  t h e  s o i l  p r o f i l e  were 
s e l e c t e d *  I r r i g a t i o n  was made when 65, 80 and 95% of the  a v a i l a b l e  water  
t o  a depth of 160 cm was removed. Actua l ly ,  d i f f e r e n t i a l  mo i s tu re  t r e a t -  
ments were not  begun u n t i l  t h e  t h i r d  month when the  t r a n s p l a n t s  were we l l  
e s t a b l i s h e d .  A 95% s tand  es tab l i shment  w a s  obtained. I r r i g a t i o n  was 
s t a r t e d  f i r s t  with subsur face  l ine-source t r i c k l e  tub ing  bur ied  15 t o  20 cm 
deep., Tube cla~;?age by gophers,  approximately 3 months a f t e r  t h e  beginning 
of t h e  experirnftnr forced  a change t o  su r f ace  t r i c k l e  l i n e s .  

Aluminum acces s  t u b ~ s  t o  a depth of 180 cn were i n s t a l l e d  i n  12 of t h e  ran- 
domly arranged t rea tment  p l o t s .  Moisture readings were taken two t o  t h r e e  
trmes a week i n  t h e  s p r i n g  through f a l l  and decreased t o  once a week dur ing  
t h e  win te r  months* 

P l a n t  temperature measprernents with t h e  inErared thermometer were s t a r t e d  
i n  September when the  p l a n t s  were approximately 20 c m  t a l l .  The p l a n t s  
were s u f f i c i e n t l y  l a r g e  t h a t  t h e  3' angle.  of view of t h e  i n f r a r e d  thcr- 
mometer covered the  e n t i r e  p l an t  and s o i l  i n t e r f e r e n c e  was not  a problem. 
Four p l a n t s  were used per p l o t ,  wi th  two s e t s  of measurements per  p l a n t ,  
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one taken from the  west and t h e  o the r  from the  e a s t  s i d e  of t h e  north-south 
o r i e n t e d  p l a n t  rows. Readings were made on c l e a r  days between 1130 t o  
1330. Wet and dry bulb  temperatures  f o r  determining vapor p re s su re  d e f i c i t  
were taken wi th  each s e t  of p l an t  temperature measurement. I n f r a r e d  the r -  
mometer c a l i b r a t i o n  was checked wi th  a blackbody r e fe rence  source  before  
and a f t e r  each run. Crop water s t r e s s  i n d i c e s  were computed us ing  both the  
Idso  e t  a l .  (1981) and Jackson et a l .  (1981) techniques.  

RESULTS AXD DISCUSSION: - 
The r e l a t i o n  between vapor pressure  d e f i c i t  and d i f f e r e n c e s  between p l an t  
and a i r  t empera tures  (Figure 1 )  were similar i n  form t o  t h a t  desc r ibed  by 
Idso  e t  a l e  (1980)- The two guayule v a r i e t i e s  had d i f f e r e n t  r e l a t i o n s ,  t h e  
s l o p e  were t h e  same 0.17, but  t h e  i n t e r c e p t s  were d i f f e r e n t ;  1.20 and 0.46 
f o r  t h e  593 and 11591 v a r i e t i e s ,  r e spec t ive ly .  The 11591 had l e a f  t e m -  
p e r a t u r e s  c o n s i s t e n t l y  lower by 0.5 t o  1°C than  t h e  593 v a r i e t y .  A 
r ea sonab le  e x p l a n a t i o s  f o r  t h i s  d i f f e r e n c e  is no t  a v a i l a b l e  at p r e s e n t -  

The computed crop water s t r e s s  i n d i c e s  (C'fdSI) based on Jackson e t  a l e  
(1981) a r e  r e l a t e d  t o  t h e  t o t a l  s o i l  water content  i n  t h e  170 cm s o i l  pro- 
f i l e  depth  wi th  tine i n  F igure  2. The "dry" treatment wi th  t h e  593 v a r i e t y  
i s  used a s  an example* The CFISI va lues  fo l low i n v e r s e l y  t h e  water  conten t  
v a l u e s -  Rapid recovery from s t r e s s  was shown a f t e r  i r r i g a t i o n ,  and t h e  
s t r e s s  then  s t a r t e d  t o  i nc rease  a s  moisture content  decreased-  The experi-  
ment w a s  r u n  i n  an abnormally warm f a l l  wi th  evapo t r ansp i r a t ion  being on 
t h e  o r d e r  of 5.0, 3.5, and 1.5 mm/day i n  September, October and N~vember,  
r e s p e c t i v e l y .  

The day-eo--day CIJSIPs can vary a t  t imes so  t h a t  a few succes s ive  p o i n t s  
cannot  be used to  p inpoin t  t he  s t r e s s  s t a t u s  of the  p l a n t *  Long term 
accumulation of CWSI such a s  t h e  concept developed f o r  the  s t r e s s  degree 
day indexing ( Idso  e t  a l e ,  1977) appears  t o  be a p p l i c a b l e  t o  d e f i n e  more 
c l o s e l y  t h e  y i e l d  p o t e n t i a l  under water s t r e s s  cond i t i ons .  

Pre l iminary  de termina t ion  of t he  water  s t r e s s  index of t h e  drought-adapted 
guayule p l a n t  shows t h a t  the. guayule responds t o  s o i l  mois ture  s t r e s s  i n  a 
manner s i m i l a r  t o  t h e  non-drought t o l e r a n t  p l a n t s ,  such a s  wheat,  a l f a l f a  
and co t ton .  Crop water  s t r e s s  i n d i c e s  a r e  being developed f o r  schedul ing  
i r r i g a t i o n  of these  l a t t e r  economic crops and such i n d i c e s  could be adopted 
f o r  guayule water  management a l s o .  The two v a r i e t i e s  of guayule s t u d i e d  
e x h i b i t e d  d i f f e r e n t  p l a n t  temperatures  under the  similar environmental  con- 
d i t i o n s  and the  cause f o r  t h i s  should be .Lnvestignted 12ore thoroughly.  

Id so ,  S. Be, Jackson, Re D., and Xeginato, It.. J. Remote sens ing  of 
c rop  y i e l d s .  Science 196:19-25. 1977. 

See Appendix f o r  a d d i t i o n a l  r e f e rences  

PERSONNEL: F. S. Nalcayama, D. A. Bucks 
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Figure  2. Crop water  s t r e s s  index (CWSI) and t o t a l  soil. water  con ten t  
chnnp.cs 3s n f u n c t i o n  of  time. "I" nild "R" d e s i g n a t e  irri- 
g a t i o n  and r a i n ,  r e s p e c t i v e l y .  
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Figure  1. R e l a t i o n s h i p  between vapor p r e s s u r e  d e f i c i t  and crop temperature 
(T,) and a i r  temperature (TA) d i f f e r e n c e s .  S p b ~ l  "X" and "Y" 
r e p r e s e n t  w r i e t y  593 and 11591, r e s p e c t i v e l y ,  
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T i t l e :  TIlE EVAPOTRANSPIRATION, YIELD, AND SOIL-PLANT-WATER RELATIONS 
OF GUAYULE 

NRP: 207GO 

INTRODUCTION; 

CRIS Work Unit: 5510-20760-002 

Guayule i s  a smal l  shrub n a t i v e  t o  t h e  a r i d  reg ions  of no r the rn  Mexico and 
a smal l  p a r t  of Texas. This  shrub produces a high q u a l i t y  rubber ,  which 
h a s  t he  p o t e n t i a l  of making t h e  United S t a t e s  independent of f o r e i g n  
sou rces  of n a t u r a l  rubber ,  Guayule is  repor ted  t o  be a low water  u se r ,  but: 
t h e r e  is no sound informat ion  on t o t a l  amounts of waker t o  be a p p l i e d  o r  
t h e  optimum scheduling of i r r i g a t i o n s  a s  r e l a t e d  t o  t o t a l  rubber  y i e l d .  In 
view of t h e  s t r a t e g i c  importance of t h i s  crop, t h e r e  should be r e s e a r c h  t o  
gu ide  farmers  i n  t h e  i r r i g a t i o n  management f o r  maximum rubber y i e l d s *  This  
l a b o r a t o r y ' s  Eirst s tudy  designed wi th  these  needs i n  mind i s  be ing  under- 
t aken  a t  t h e  Univers i ty  of Ar izonaDs farm a t  Pfesa, Arizona* S ince  t h e r e  
was no account  of t h i s  r e s e a r c h  i n  last y e a r ' s  annual r e p o r t ,  a p o r t i o n  of 
t h e  a b s t r a c t  from a paper on the  sub jec t  w i l l  be included he re  as 
background m a t e r i a l ,  The paper,  t i t l e d  "So i l  FJater Deplet ion i n  I r r i g a t e d  
Guayule," by William Lo Ehr l e r  and Dale A. Bucks, w a s  presented a t  t h e  
Third I n t e r n a t i o n a l  Conference on Guayule a t  Pasadena, C a l i f o r n i a ,  
27 A p r i l  - 01 May 1980. 

"The o b j e c t i v e  of t h i s  experiment was t o  measure the  water  r equ i r e -  
ment and rubber  y i e l d  under four  l e v e l s  of s o i l  moisture.  The 
f i r s t  r e p o r t  d e a l s  wi th  only  the  establ ishment  per iod,  when l i b e r a l  
i r r i g a t i . o n s  were given t o  o b t a i n  good growth, There a r e  two c u i t i -  
v a r s  (533 and N565-XI), each 'c.7ith 40 p l a n t s  per t rea tment  on r a i s e d  
beds i r r i g a t e d  with an  underground t r i c k l e  l i n e  i n  each bed, w i th  
a n  e m i t t e r  every 20 cn  by each p l an t .  P l a n t s  a r e  i n  double rows on 
beds centered  1 m apa r t .  Neutron meter access  tubes  i n  t h r e e  of 
t h e  four  r e p l i c a t i o n s  provide d a t a  on s o i l  water conten t  a t  20 cm 
increments  from 20- through 160-cm depths*  Peat pot s e e d l i n g s  
t r a n s p l a n t e d  on 29 $fay grew r a p l d l y  t o  a he ight  and diameter  of 
30 cm by 1 3  August, when neutron meter measurements began* 

During t h i s  es tab l i shment  per iod,  water  a p p l i c a t i o n s  were: 
102 m from furrow i r r i g a t i o n  a t  t r ansp lan t ing ,  46 mm from r a i n ,  
and 1184 mm from t r i c k l e  l i n e s -  From 1 3  August t o  13 November, 
r a i n  was 28 mm and i r r i g a t i o n  615 mm. A uniform s tand  i s  p re sen t  
f o r  both c u l t i v n r s  wi th  no i n d i c a t i o n  of e a r l y  s o i l  mois ture  
stress. Cumulative s o i l  mois ture  dep le t ion  from 1 3  August t o  
1 3  November was 666 mm f o r  cv. N565-TI, but  only 422 mm f o r  cv. 
593$ On 1 3  November, t h e  dry ing  cyc le  was s t a r t e d ,  l ead ing  t o  four  
d i f f e r e n t  l e v e l s  of s o i l  moisture".  

PROCEDURE : 

The l a s t  i r r i g a t i o n  of t h e  Eirst growing season was on 1-3 November 1979. 
V in te r  and sp r ing  r a i n s  s u f f i c e d  t o  provide s o i l  mois ture  u n t i l  
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8 Apr i l  1980, the  f i r s t  i r r i g a t i o n  f o r  the  wet treatment. This t reatment 
(No. I ) ,  was a cont inuat ion  of the  one used previously, ice., i r r i g a t i o n  
when 50 percent of the  a v a i l a b l e  water was depleted t o  a depth of 1 meter. 
Three d r i e r  t reatments were s tud ied ,  a s  given i n  Table 1. 

S o i l  moisture was measured with a Campbell Pac i f i c  neutron meter i n  alumi- 
num access  tubes jus t  before  and th ree  o r  more days a f t e r  each i r r i g a t i o n  
i n  t h r e e  of the  four r e p l i c a t e  p l o t s  f o r  each of the  four  t rea tments ,  and 
f o r  both c u l t i v a r s ,  making a t o t a l  of 24 s e t s  of readings;  a t  each access  
tube,  30-second counts were taken every 20 cm from 20- through 160 cm* A 
computer program was w r i t t e n  t o  give volumetric water contents  by depth and 
t i m e ,  and appropr ia te  averages and derived parameters were obta ined,  such 
a s  t o t a l  amount of water i n  a given p r o f i l e  depth a t  a s p e c i f i c  time. 

A prel iminary rubber ana lys i s  was made primari ly t o  v a l i d a t e  t h e  method. 
Per iodic  sampling f o r  rubber content w i l l  begin i n  June 1981. 

RESULTS : 

S o i l  Water Depletion- Figo 1 is a p lo t  of the  amount of water  (mm of water 
i n  170 cm of s o i l )  aga ins t  time f o r  the  1980 season, f o r  guayule cv* 
N565-11, contraseing the  two extreme treatments (No& 1, wet and No. 4, 
dry) .  Each da ta  point  i s  the  mean of three  r e p l i c a t i o n s o  I n  t h e  sp r ing ,  
t h e r e   as s u f f i c i e n t  r a i n  t o  maintain the  s o i l  water content  at a high 
l e v e l -  I r r i g a t i o n  was begun i n  Apri l  1980, Water a p p l i c a t i o n s  v e r e  
numerous enough t o  maintain t h e  average s o i l  water content  a t  a con- 
s i d e r a b l y  higher l e v e l  i n  t reatment No. 1 than i n  No. 4, t h u s  meeting a 
primary ob jec t ive .  

L t  was found t h a t  a drying cycle had t o  be severe to  cause a l a r g e  decrease 
i n  s o i l  water content .  Therefore, the c r i t e r i o n  f o r  t rea tment  No. 4 was no 
longer e f f e c t i v e ,  i .e . ,  a 95-percent deple t ion  of s o i l  water content  i n  the  
upper meter of s o i l *  Water stress g rea te r  than the  conventional  w i l t i n g  
point  had ro be imposed on treatment Eo- 4 to  r e a l l y  reduce evapotranspira-  
t i o n  s u b s t a n t i a l l y .  Fig, 1 shows t h a t  the re  were f i v e  drying cyc les  severe 
enough t o  g r e a t l y  lower water l o s s ,  but t h a t  evapotranspi ra t ion  r a p i d l y  
increased t o  high l e v e l s  a f t e r  i r r i g a t i o n .  

Cu l t iva r  593 w a s  not ab le  t o  lower the water content t o  q u i t e  a s  low a 
value a s  cv. N565-II (down t o  150 mm of water i n  170 cm of s o i l  in s t ead  of 
about 145 rm) . Otherwise, tlze da ta  were qu i t e  s imi la r  i n  the  two 
c u l t i v a r s .  This r e s u l t  is  cons i s t en t  with l a s t  years '  data.  

Calcula t ions  of the  year ly  evapotranspi ra t ion  based upon the  p l o t  of Fig. 1 
a r e  being made now and w i l l  be presented i n  the next r e p o r t *  

Rubber and Resin AnalysesY Resin and rubber analyses based upon acetone 
and te t rahydrofuran  solvent  ex t rac t ion  techniques (see  the  s e p a r a t e  r e p o r t  
on the  a n a l y t i c a l  procedure) a r e  presented i n  Table 2. The analyses  were 
made on snal3. branches taken from four separa te  p lants  per r e p l i c a t e .  The 
p l a n t s  were 18 months 03-d from t ransplant ing  a t  the  time of sampling. The 
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rubber  content  of approximately 5 percent  was not  d i f f e r e n t  among t h e  d i f -  
f e r e n t  water l e v e l  t rea tments  o r  c u l t i v a r s .  The r e s i n  con ten t  of cvo 
N565-11 was approximately twice t h a t  of cv. 593. l&asurements of t h e  two 
components w i l l  be cont inued on a 6-month i n t e r v a l .  

S U i W R Y  AND CONCLUSIONS: 

Doubling the  amount of water appl ied  t o  two guayule c u l t i v a r s  (by g i v i n g  25 
a s  compared t o  9 i r r i g a t i o n s )  r e s u l t e d  i n  no s i g n i f i c a n t  lower ing  of t h e  
rubber  percentage f o r  the 18-month-old p l an t s .  This  i s  no t  c o n s i s t e n t  w i t h  
e a r l i e r  r e p o r t s  i n  the l i t e r a t u r e .  The o t h e r  i tem of consequence is  t h e  
extreme drought t o l e rance  of guayule- Xn designing . t  i s  experiment ,  i t  was 
assumed t h a t  the d ry  Crcatment (No. 4) would be a r igo rous  test of drought 
t o l e r a n c e *  However, 1 was necessary  t o  permit s u b s t a n t i a l l y  lower l e v e l s  
of s o i l  water  contenr  tx develap (lower than  95 percent  of t h e  a v a i l a b l e  
water  d e p l e t i o n  i n  t he  upper meter of s o i l )  before evapotranspiration was 
reduced m a t e r i a l l y -  ons ide rab ly  g r e a t e r  s o i l  water  s t r e s s  over  longer  
i n t e r v a l s  on the dry reatment is  necessary-  A more s t r e s s f u l  regime would 
h e l p  lower t h e  t o t a l  water a p p l i c a t i o n ,  which even f o r  t h e  1980 dry  
t r ea tmen t ,  amounted t o  1 E I O  rim, a t o t a l  about t h e  same as t h e  eva- 
p o t r a n s p i r a t i o n  f o r  a fu l l - season  c o t t o n  crop i n  t he  S a l t  R ive r  Val leyo  

PERSONEJEL:: - fJ. L. Ehr l e r ,  D* A* Bucks, and Fa S .  Nalcayama 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Treatment nunber, percentage a v a i l a b l e  s o i l  water d e p l e t i o n  
b e f o r e  i r r i g a t i o n ,  number of i r r i g a t i o n s ,  and t h e  t o t a l  amount 
of  water  app l i ed  ( exc lus ive  of 208 mm of r a i n f a l l )  t o  guayule  
c u l t i v a r s  593 and N56.S-I1 i n  2380. 

T r t .  No. % Deple t ion  No. of I r r i g a t i o n s  T o t a l  Water Applied (mm) 
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T a b l e  2 -  Ru bcr and r e s i n  content  f o r  young guayu le  p l a n t s  (18 November 
XS%O> e 

Variety - 
Treatment 
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Figure  1. The amount of water  i n  a 170 cm p r o f i l e  of s o i l  under guayule c u l t i v a r  No. 
N565-11, t h e  mean v a l u e  of t h r e e  p l o t s ,  f o r  t h e  w e t t e s t  and d r i e s t  of f o u r  
i r r i g a t i o n  t r ea tmen t s ,  throughout t h e  1980 growing season.  The w e t  t rea tment  
rece ived  25 i r r i g a t i o n s ,  a s  compared t o  9 f o r  t h e  d ry  t rea tment .  
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TITLE : RUltOFP-FARf3LNG FOR DROUGHT-TOLEPdNT CROPS I N  A R I D  ENVIROmENTS 

ormation on oar  runoff  -farming s t u  rs i n  the Annual 
-farming s t u  r o g r e s s  and a 

s e p a r a t e l y  h e r e ,  

r of t h e  j o j o  

l u s h  l a t e  summer 
o l a t e  w i n t e r  and 

anean type of c l ima te  as i n  
Wexico ., 

h i r d  yea r  oE a 
c rops*  The p l o t  

he o r i g i n a l  12  s p e c i e s  

pomegranate 

Quet ta  Pines a t  I n i t i a t e d  i n  1978). 1980 wa 
year  or' the stu runoff-farming f o r  growing 
ou r  Granite t e s t  s i t e e  S i t e  r e p a r a t i o n ,  runoff -  
farming trea arid establishmez?;t procedures ,  and p l o t  
diagrams appear  p o t  Eval.uatfon of "che experiment 
c o n s i s t e d  of m e  s o i l  water  con ten t  (with 
neu t ron  meter runk d iameter ,  and l e a f  water 
p o t e n t i a l  (wit s u r e  device) .  Runoff was c o l J e c t e d  i n  a 
sunken tank a t  catchment ( t he  tank being s u b s ~ i t u t e d  fo r  
a  p l a n t )  and out  t h e  water  through a water meter. The 
t r e e s  have re plus runoff water s i n c e  28 June 1978- 
The 293 m of magnified 2,3,  3*3,  and 5,s  t i m e s  by t h e  
c o n t r o l  (bare d so iL> ,  c l ay - sa l t ,  and wax t r e a t e d  p l o t s ,  
r e s p e c t i v e l y  - 
J n  s p i t e  o f  the extra  water, the t r e e s  have done poorly;  of the o r i g i n a l  21 
t r e e s ,  f i v e  ry f a l l  of 1980 (one on t h e  b a r e  s o i l  c o n t r o l ,  
and two each s o i l  t r ea tmen t s )*  Growth of mose of t he  sur -  
v i v o r s  i s  s?sw, no oaching the  reputed 1-m per yea r ,  Seve ra l ,  
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however, a r c  growlng q u i t e  w e l l ,  ( t h e  t a l l e s t  t r e e  i s  0,72 m),  sugges t ing  
t h a t  throrrglz seEectfoa and breeding the  t r e e  could be adapted t o  t h i s  
exceedingiy  harsh si t ee  

: ( I n i t i a t e d  in 1978). A Chris tmas t r e e  
i n s t a l l e d  i n  r c h  1979 a t  Camp Vexde, 

s mi lder  than  Grani te  Reef: y e a r l y  r a i n -  
f a l l  average 0 percent  more han at Grani te  Reef) ,  and 
average  temper r e  R a i n f a l l  p a t t e r n s  between t h e s e  two sites, 
however, a r e  s the r a i n  occurs  during t h e  two p e r i o d s  

e rest:  of t?x 

terraces a r e  e i n g  used in s t ead  oar' i n d i v i d u a l  
microcatchmentso aces  were i n s t a l l e d  u i ck ly  and e f f i c i e n t l y  w i t h  a 

t s u r f a c e s  we e f u r t h e r  l e v e l e d  and smoothed, 
a t ractor-drawn Harley land caper  from Glenmac, h c .  

nesus iy  mixed i n  t h e  21,000 gfha s a l t  on t h e  clay 
r a t i o n s  were completed s h o r t l y  a f t e r  t h e  t r e e s  were 

p l a n t e d -  Compact completed t h e  c l a y  t r ea tmen t*  

The wax in8.r.al.la had t a  be delayed u n t i l  t h e  summer of P SQ because of 
weed probierits tchments were co~r~pacted wet wi th  a tY-Lbratory 
r o l l e r ,  s t a b i k i z  yv iny l  a c e t a t e  emulsion (10 percent  s o l u t i o n  
a p p l i e d  a t  2 l i t  iirid made water  r l e n t  wi th  a s l a c k  wax 
f c o e t a i n i n g  2 pc mory 6659 a n e i s t r i  g agent )  sprayed on as a ho t  
mel t  at 0 0 5  kgjm a r n t e  runoff  monitoring catchments s e r e  i n s t a l l e d  a t  

Three r a t i o s  of catchment-to-receiving ba.sin widths a r e  being eva lua t ed  a t  
each  s i re :  1:1, 2:L, and 3 : $  a m h e  sand s i t e ,  and 2:l, 4:l ,  and 6:l  a t  
t h e  c l a y  s i t e .  W i  of t h e  r ece iv ing  bas in  por r ion  v7as l D 5  m i n  all 
c a s e s "  Trees oa both sites sirrruld r ece ive  comparable ~vnounts of water  
becaase w e  anticipate n e a r l y  100 and 50 percent  runof f ,  r e s p e c t i v e l y ,  from 
the wax and the  salt t r e a t e d  catchments. 

Two c o n i f e r s  a r e  being evaluated:  Quetta pine and Arizona c y p r e s s *  The 
Arizona cypress  i s  z.at:ive to  t he  a r e a ,  growing wild on t h e  s l o p e s  of t h e  
surrounding msunkti~zs, ared Is used ex tens ive ly  a s  a landscape  tree i n  t h e  
Verde Valley where f t  tl-rr.Lves under 2rr igat l .on-  Two sets of t e r r a c e s  were 
b u i l t  a t  each s i t e  t o  accon;ntodata t he  two spec i e s -  Each t e r r a c e  is 37.5 
long  and accornino 5 t r e e s  spaced l o 5  m a p a r t *  Berms were i n s t a l l e d  
between every f i  tree t o  t r a p  water and to provide f i v e  r e p l i c a t i o n s  of 
f i v e  t r e e s  f o r  each tre;ztarent.. 
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The 300 t r e e s  were t r ansp lan ted  i n  mid-March 1379, and were hand watered 
u n t i l  t h e  summer r a i n s  began i n  mid-August. Only the  few rep lacements  have 
been hand watered s i n c e  then. Neasurements taken were t h e  same a s  t hose  a t  
G r a n i t e  Reef. 

P r e c i p i t a t i o n  was w e l l  above nornlal t h e  f i r s t  year.  Piore than  400 rmn f e l l  
d u r i n g  t h e  10-1/2 month per iod  from mid-August u n t i l  30 June  1980 ( t h e  
c l o s i n g  d a t e  of t h i s  r e p o r t ) .  Neutron moisture meter d a t a  showed t h a t  a l l  
s o i l  p r o f i l e s  were w e l l  watered by the  end of t he  win te r  r a i n y  season ,  . 
r e g a r d l e s s  of catchment t o  bas in  r a t i o .  

The Arizona cypres s  t r e e s  a r e  growing extremely wel l .  The ave rage  h e i g h t  
o f  t h e s e  t r e e s  1 5  months a f t e r  t r a n s p l a n t i n g  of 15-ck t a l l  s e e d l i n g s  was 1 
and 0.9 m on t h e  sand znd c l a y  s i t e ,  r e s p e c t i v e l y  (Ptg. 1).  Growth r a p i d l y  
a c c e l e r a t e d  from A p r i l  through June 1980. Furthermore, t h e  c y p r e s s  t r e e s  
a r e  q u i t e  uniform i n  s i z e ,  t h e  t a l l e s t  being only about  25 cn ta l le r  than  
the average.  These t r e e s  should e a s i l y  grow 1 m a yea r ;  t h u s  t h e y  should  
be h a r v e s t a b l e  f o r  Christmas t r e e s  every 2 t o  4 yea r s  u s i n g  stump c u l t u r e  
( c u t t i n g  t o  t he  lowes t  f i v e  branch).  They make an impres s ive  s t a n d  with.in 
t h e  sur rounding  d e s e r t .  

A s  at Gran i t e  Reef, t h e  Quet tas  have been slow t o  s t a r t ,  b u t  t h e y  a r e  
beginning  t o  grow more r a p i d l y  (Fig.  I). The tallest Quet ta  p i n e  on 
19 June was 80 cm. The Quet tas  a l s o  a r e  more v a r i a b l e  i n  t h e i r  growch 
h a b i t  than the  cypress .  A l l  trees were f e r t i l i z e d  wi th  amnoniurn phosphate  
i n  February 1980, and t h r e e  oE each f i v e  r e p l i c a t i o n s  of t h e  Quetcas  were 
i n o c u l a t e d  i n  Apr i l  wi th  mycorrhizae from a l o c a l  e s t a b l i s h e d  s tnnd .  IJc 
hope t h a t  t h e s e  p i n e s  w L l l  soon a t t a i n  t he  rap id  growth t h a t  o t h e r s  have 
observed f o r  them. Adclil5.on,zl d e t a i l s  regard ing  t h e  runof f  fa rming  s tuci ies  
w i l l  be publ ished i n  t h e  manuscript ,  "Evaluat ion of m a t e r i a l s  f o r  inducing  
runoff  and use of t h e s e  m a t e r i a l s  i n  runoff farming ( i n  p r e s s )  .. 
SUMMARY AND CONCLUSIONS: 

Conducting runo EE-farming experimen ts x d  ti1 s eve ra l  p l a n t  s p e c i e s  and a t  
widely v a r i e d  geograph-ical s i t -es  he lps  t o  formulate  g u i d e l i n e s  f o r  sttccess.  
F i r s t  , one nus t use h igh ly  drought t o l e r a n t  spec i e s ,  because  a r i d  l a n d s  
r a r e l y  have a f avo rab le  r a i n f a l l  p a t l e r n .  Second, t h e  s o i l s  shou ld  s t o r e  
adequate  ~ v a i l a h S e  X?i~tSr, by havlng a moderately f i n e  t e x t u r e  and/or  being 
deep. Precise; l i m i t s  a r e  hard t o  clefine y e t ,  but  t h e  solXs a t  G r a n i t e  Reef 
and Usery Pass probably a r e  bo rde r l i ne  f o r  runoff farming,  a t  l e a s t  i n  such 
a ho t  c l i m t e  (pan evapora t ion  g r e a t e r  than 1800 nm/year and a n n u a l  r a i n -  
f a l l  on ly  about  200 nm). F i e l d  capacity a t  Usery Pass  is o n l y  a3ou t  1 2  
Fe rcen t  by volume, thercby  l i m i t i n g  the amount oE a v a i l a b l e  wa te r  f o r  a 
p l z n t  u n l e s s  i n o r d i n a t e l y  deep s o i l  r c s c r v o i r s  e x i s t  t o  be  e x p l o i t e d  by 
r o o t s -  

A t  Camp Verde not  only i s  evapo t r ansp i r a t ion  l e s s ,  bu t  t b e  soi1.s a l s o  have 
g r e a t e r  amounts of a v a t l a b l e  water ,  thus  permi t t ing  a p l a p t  t o  t o l e r a t e  
drought  be: t e r  . Although t h e s e  comments do not  n e c e s s a r i l y  r u l e  o u t  
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f u r t h e r  r e s e a r c h  a t  s i t e s  l i k e  Usery Pass,  they do lend  suppor t  t o  t h e  
d e s i r a b i l i t y  of s i t e s  l i k e  those  a t  Camp Verde f o r  enhancing t h e  l i k e l i h o o d  
of success  i n  runoff  farming endeavors. 

PERSONNEL: W. Lo Ehr le r  and D. B. Fink 
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Figure  1. Christmas t r e e  growth a t  two runoff  farming sites a t  Camp Verde, Arizona. 
Shaded s p b o l s  are t h e  average of a11 d a t a  f o r  each tree type  a t  each s i t e ;  
open symbols are t h e  average of one tree from each r e p l i c a t e  (each r e p l i c a t e  
has  5 t r e e s )  f o r  each t r e e  type  at each site.  
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TITLE: COIWUTER SIMULATION OF CREENHOUSES 

MRP: 20760 CRIS WORK UNIT: 5510-20760-003 

SmbmY AND CONCLUSIONS : 

Addi t iona l  progress  was made toward the  o b j e c t i v e  of e v a l u a t i n g  t h e  f e a s i -  
b i l i t y  of c losed  greenhouses i n  a r i d  environments us ing  the  modular energy 
ba lance  (PEB) model. As  descr ibed  i n  previous Annual Reports ,  each nodule 
o r  sub rou t ine  s imula tes  t h e  performance of some energy-related device.  
P a t t e r n e d  a f t e r  a TRYSYS program from the  Un ive r s i t y  of Viscons in ,  t h e  
modular energy balance program i s  h i g h l y  v e r s a t i l e  because t h e  u s e r  spec i -  
f i e s  a t  run time which of t h e  devices  he wishes t o  i nc lude  i n  a p a r t i c u l a r  
r u n  and how they  are connected ( w i r e s  and p ipes)  toge ther .  The program h a s  
v i r t u a l l y  no s i z e  l i m i t  a s  implemented on t h e  USWCL minicomputer because 
t h e  sub rou t ines  a r e  s t o r e d  on t h e  d i s k  a s  over lay  modulesb 

Seve ra l  enhanced c a p a b i l i t i e s  were added t o  the  major sub rou t ines  which 
s i m u l a t e  t h e  performance of t h e  greenhouse i t s e l f .  These inc luded:  (1) 
C u r t a i n  h e a t  exchangers which save energy by u t i l i z i n g  n a t u r a l  r a t h e r  t han  
fo rced  convect ion wi th  fans .  (2)  A f l u i d  roof which can abso rb  near- 
i n f r a r e d  r a d i a t i o n  (which p l a n t s  do not  u se  f o r  photosynthes is )  be fo re  i t  
e n t e r s  t he  greenhouse* (3) Radiant h e a t e r s  which can save energy by 
warming t h e  p l a n t s  d i r e c t l y  and permit  t h e  greenhouse t o  o p e r a t e  a t  a lower 
a i r  temperature,  and (4) d i r e c t  t r a n s f e r  of energy t o  a " s o i l "  l a y e r  
benea th  t h e  greenhouse so  t h a t  t h e  promising hea t  s to rage  method developed 
a t  Rutgers ,  which uses  water  i n  a porous conc re t e  f l o o r ,  can be s imu la t ed l  
Another enhancement i s  c u r r e n t l y  being added which w i l l  make i t  p o s s i b l e  t o  
use thermal  response f a c t o r s  f o r  s imu la t ing  s o i l  hea t  f l ux .  These f a c t o r s  
have r e c e n t l y  been developed by mechanical engineers  a s  a method t o  
i n c r e a s e  the  s i z e  of t he  s t a b l e  t ime s t e p  and thus  g r e a t l y  d e c r e a s e  t h e  
amount of computation t h a t  must be done. 

Also, addi t iona l .  new subrou t ines  were w r i t t e n  f o r  s imu la t ing  1 )  f low t e e s ;  
2)  a rock bed energy s to rage  u n i t  wi th  l a t e n t  energy exchange; 3) a 
m u l t i s t a g e  thermosta t ;  4) a c u r t a i n  hea t  exchanger, and 5) a p a s s i v e  energy 
s t o r a g e  u n i t .  The e n t i r e  r e p e r t o i r e  of modules now inc ludes  1. r eade r ,  2. 
i n t e g r a t o r ,  3 .  p r i n t e r ,  4. thermosta t ,  5. greenhouse, 6. f a n  o r  pump, 7. 
t e e ,  8. s e n s i b l e  hea t  exchanger, 9. s e n s i b l e  and l a t e n t  h e a t  exchanger,  
10. s o l a r  c o l l e c t o r ,  11. s t o r a g e  tank, 12. t ime func t ion ,  13- r e s e r v o i r ,  
14. complicated greenhouse, 15. s imple greenhouse, 16. h e a t e r ,  17. n i g h t  
sky r a d i a t i o n ,  18. evapora t ive  c o o l e r ,  19. rock s t o r a g e  wi th  l a t e n t  hea t  
exchange, 20, a r i t h m e t i c  c a l c u l a t o r ,  21. mu l t i s t age  the rmos ta t ,  22, cur- 
t a i n  h e a t  exchanger, and pass ive  s to rage  u n i t .  

With a l l  t h e  new a d d i t i o n s ,  t h e  publ i sh ing  of t h e  u s e r ' s  manual was 
postponed. A t  t he  present  time it i s  complete except  f o r  d e s c r i b i n g  the  
new a d d i t i o n s  t o  the complicated greenhouse and f o r  examples of u se  of a l l  
t he  modules, bu t  i t  should be ready t o  start the  review p roces s  by midyear. 
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TITLE: EFFECTS OF AIRBORNE PARTICULATES ON SOUR At3D TIIERPIAL RARIATXON 
AND THEIR CLIPIATOLOGICAL CONSEQUENCES 

NRP : 20760 CRIS WOK& UNIT: 5510-20760-003 

Work conducted under t h e  a e g i s  of t h i s  o u t l i n e  t h i s  year  r e s u l t e d  i n  t h e  
p r e p a r a t i o n  and/or  pub l i ca t ion  of t h e  fol lowing papers ,  which a r e  b r i e f l y  
desc r ibed  below. 

1. Idso ,  S .  E* A s e t  of equat ions  f o r  f u l l  spectrum and 8-14 um and 
10.5-12.5 Dm thermal  r a d i a t i o n  f r o n  c loud le s s  sxies. Water Resources 
Research. ( I n  p re s s ) .  

A comprehensive experiment was conducted at Phoenix, Arizona, i nvo lv ing  
t h e  monitor ing of f u l l  spectrum thermal r a d i a t i o n  and those  f r a c t i o n s  of 
t h a t  f l u x  t h a t  a r e  contained w i t h i n  the  8-14 pm and 10.5-12.5 um 
subregions .  Also monitored were s u r f a c e  a i r  temperature (To) and vapor  
p r e s s u r e  (e,). Analyses of t h e  d a t a  e s t a b l i s h e d  the  source  of wa te r  vapor 
a s s o c i a t e d  thermal  emi t tance  (E)  v a r i a t i o n s  of t he  c l o u d l e s s  sky as being 
due t o  t h e  v a r i a b l e  atmospheric concent ra t ion  of water  dimers - p a i r s  of 
water  molecules  l i nked  toge the r  by weak hydrogen bonds. New equa t ions  
based on t h i s  phys i ca l  model were thus  developed f o r  t h e  e f f e c t i v e  emit- 
t ance  of t h e  atmosphere i n  both the  10.5-12.5 pm and 8-14 urn wavebands, as 
w e l l  as f o r  the  f u l l  thermal Spectrum: 

w i t h  To i n  degrees K and eo i n  mb. The l a t t e r  equat ion  was then  shown t o  
be a s i g n i E i c a n t  improvenent over previous equat ions t h a t  have a t tempted  
t o  model t h i s  phenomenon. 

2. Id so ,  S. B. On t h e  apparent  i n c o m p a t i b i l i t y  of d i f f e r e n t  a tmospheric  
thermal  r a d i a t i o n  d a t a  s e t s o  Quar te r ly  Journa l  of t h e  Royal 
Meteoro logica l  Soc ie ty  106 : 375-376. 1980. 

Dif fe rences  between measurements and c a l c u l a t i o n s  of a tmospheric  thermal  
r a d i a t i o n  i n  d i f f e r e n t  p a r t s  of t h e  world were shown t o  be c o r r e l a t e d  with 
t h e  d u s t i n e s s  of t he '  a i r .  This  f i nd ing  i n d i c a t e s  how e s t i m a t e s  of 
a tmospheric  thermal r a d i a t i o n  nay be improved by cons ide r ing  atmospheric  
d u s t  concen t r a t ion  a s  a t h i r d  independent parameter i n  a d d i t i o n  t o  vapor 
p re s su re  and air  temperature.  
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3. Id so ,  S. B. On the sys temat ic  n a t u r e  of d i u r n a l  p a t t e r n s  of 
d i f f e r e n c e s  between c a l c u l a t i o n s  and measurements of c l e a r  sky 
atmospheric  thermal r a d i a t i o n .  Quar te r ly  Journa l  of t h e  Royal 
Meteoro logica l  Society.  ( I n  p re s s ) .  

A r e e v a l u a t i o n  of prev ious ly  publ ished s t u d i e s  i n  l i g h t  of t h e  equa t ion  
developed i n  r e f e rence  (1)  above showed t h a t  d i sc repanc ie s  between calcw- 
l a t i o n s  and measurements of a tmospheric  thermal r a d i a t i o n  were due t o  
inadequacies  of t he  formula t ions  employed. The new equat ion  of Id so  
appeared t o  r e so lve  p r i o r  d i f f i c u l t i e s .  

4. Idso ,  S. Be An experimental  de te rmina t ion  of t h e  r a d i o a c t i v e  proper- 
t i e s  and c l i m a t i c  consequences of atmospheric dus t  under non-duststorm 
cond i t i ons .  Atmospheric Environment. ( I n  p re s s ) ,  

A comprehensive experiment was conducted at Phoenix, Arizona, i n v o l v i n g  
t h e  monitoring oE g l o b a l  s o l a r  r a d i a t i o n  and 8-14 pm and 10.5-12.5 pm 
thermal  r a d i a t i o n ,  a s  w e l l  as s u r f a c e  air  temperature,  vapor p r e s s u r e ,  and 
d u s t  concen t r a t ion .  Analyses of t h e  d a t a ,  which were a11 ob ta ined  under 
normal weather cond i t i ons ,  revea led  t h a t  a s  dus t  concen t r a t ion  i n c r e a s e s ,  
t h e  t r ansmi t t ance  of t h e  atmosphere f o r  s o l a r  r a d i a t i o n  dec reases  bu t  t h e  
e f f e c t i v e  e n i t t a n c e  of t h e  atmosphere f o r  thermal r a d i a t i o n  i n c r e a s e s .  
These ana lyses  a l s o  demonstrated t h a t  t he  v e r t i c a l  r e d i s t r i b u t i o n  of d u s t  
w i t h  season  g r e a t l y  a l t e r s  t h e  f l u x  of thermal r a d i a t i o n  t o  t h e  su r f ace ,  
b u t  has  no e f f e c t  upon t h e  t o t a l  s o l a r  f l u x  t o  t h a t  l e v e l .  These 
r e l a t i o n s h i p s  were a11 numerical ly  q u a n t i f i e d  and used t o  i n v e s t i g a t e  t h e  
c l i m a t o l o g i c a l  consequences f o r  t h e  e a r t h  as a wholeo It was demonstrated 
t h a t  t h e  most probable e f f e c t  of an i n c r e a s e  i n  t h e  atmospheric  d u s t  con- 
t e n t  would be a warming oE near-surface a i r  temperatures ,  due t o  a n e t  
i n c r e a s e  i n  t h e  r a d i a n t  energy inpu t  t o  t h e  sur face .  

5. l d s o ,  S. Be A s u r f a c e  air  temperature response f u n c t i o n  f o r  e a r t h ' s  
atmosphere- Boundary-Layer Meteorology. (Submitted).  

A prope r ty  of e a r t h ' s  atmosphere denoted the  "sur face  a i r  t empera ture  
response  func t ion"  is  shown t o  accu ra t e ly  represent  t h e  change i n  s u r f a c e  
a i r  temperature t h a t  is  e l i c i t e d  by a change i n  r a d i a n t  energy absorbed a t  
t h e  su r f ace .  X t  i s  exper imenta l ly  eva lua ted  by t h r e e  independent  tech- 
n iques  t o  y i e l d  a mezn va lue  over  land of 122 K/cal cmw2 min-l. Over t h e  
oceans,  hovever,  i t s  va lue  appears  t o  be reduced by a f a c t o r  of 2 o r  more. 

6. Id so ,  S. B-  TI& ~ Z i m a t o l o g i c a l  s i g n i f i c a n c e  of a doubling of e a r t h ' s  
a tmospheric  carbon d iox ide  concent ra t ion .  Science 207:1462-1463. 
1980. 

The mean g loba l  i nc rease  i n  thermal r a d i a t i o n  received at t h e  s u r f a c e  of 
t h e  e a r t h  a s  a consequence of a doubling of the  atmospheric carbon d iox ide  
con ten t  i s  c a l c u l a t e d  go be 2.28 w a t t s  per  square meter. Mul t ip ly ing  t h i s  
f o r c i n g  func t ion  by the  atmosphere's su r f ace  a i r  temperature response  
f u n c t i o n ,  which has r e c e n t l y  been determined by t h r e e  independent exper i -  
mental  ana lyses  t o  have a mean g loba l  va lue  OF 0.113 K per  w a t t  per  square  
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meter, yields a value of G 0.26 Xi for the resultant change in the mean 
global surface air temperature= This result is about one order of magni- 
tude less than those obtained from most theoretical numerical models, but 
it is virtually identical to the result of a fourth experimental approach 
to the problem described by Newell and Dopplick. There thus appears to be 
a major discrepancy between current theory and experiment relative to the 
effects of carbon dioxide on climate. Until this discrepancy is resolved, 
we should not be too quick to limit our options in the selection of future 
energy alternatives. 

7. Idso, SI 5. Carbon dioxide and climate. (A reply to critical 
"Letters to the Editor"). Science 210:7-8. 1980. 

A number of questions relating to the work described in reference (6) are 
answered. 

8- Idso, S. B* Human actions and naturePs reactions. American 
Quaternary Association Abstracts. 6:105-106. 1980. 

A critique of some recent doomsday climatic scenarios, particularly as 
pertaining to 602, is presented. 

9. Idso, S. B. Surface energy balance and the genius of deserts. 
Archiv. fur Meteorologic, Geophysik, and BroklimatoZogie, Serie B. 
(In press). 

A brief overview of numerical modeling approaches to the problem of deser- 
tification indicates that those techiques have generally ignored important 
surface boundary layer processes. A simple theoretical analysis of the 
surface energy balance clearly shows their shortcomings; and experimental 
data provide the basis for a new assessment of the land denudation 
phenomenon. It is shown that the mechanism invoked for desertification 
tendencies by the theoretical numerical models actually tends to suppress 
the formation of deserts; but that other neglected processes may indeed 
hasten their development, following vegetation removal by such processes 
as over-grazing, 

10* Idso, S. B., and Cooley, K. R. Meteorological modification of 
particular air pollution and visibility patterns at Phoenix, Arizona. 
Arckiv. fur Ifeteorologie, Geophysik und Bioklimatologie, Serie B. 
(In press). 

Visibility data for the period 1968-1972 at Phoenix, Arizona were analyzed 
to shov how variations among days of the week and hours of the day may be 
influenced by both pollutant source strength characteristics and meteoro- 
logical phenomena. The results form the basis for future studies designed 
to decipher subsequent effects of technological modification of pollutant 
characteristics. 

PERSOhXEL: Sherwood B. Idso 
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TITLE: DEVELOPMENT OF REMOTE SENSING TECHNIQUES FOR AGRICULTUPSIZ WATER 
k4ANAGEtiENT AND CROP YIELD PREDICTION 

NRP : 20760 

INTRODUCTION: 

CRIS WORK UNIT : 5510-20760-003 

Research under this research outline in 1980 resulted in two published 
manuscripts dealing with instrumentation: use of hand-held radiometers and 
the design of a data-logger for those instruments. One manuscrfpt is in 
press and two have submitted to journals concerning the stress-degree-day 
concept and the development oE a crop water stress index. In the area of 
irrigation management, two ~nanuscripts have been published and the third is 
in press. Relating foliage temperature to plant water potential in wheat 
and alfalfa has resulted in two manuscripts being submitted for 
publication. Evapotranspiration research resulted in two manuscripts being 
published and another in press. Two manuscripts have been submitted to 
journals dealing w2th the interpretation of spectral data from sugarcane 
and from Landsat* There have been three manuscripts prepared, one accepted 
by a journal and two recently submitted, that deal with the anatomy and 
morphology of barley. These were the result of work done by tl. >I. Paluska 
prior to her becoming a member of our research group. 

In addition to the manuscripts listed above, five experiments were con- 
ducted in 1980 dealing with the use of remote sensing techniques for 
assessing crop stress. A cooperative research project was initiated with a 
farmer in the San Joaquin Valley of California (Westlake Farms) to develop 
a relationship between the crop water stress index and petiole water con- 
tent of cotton for the purpose of scheduling irrigations. A unique lysi- 
me Eric cvapo transpiration micro-meterological experiment (LETME) was 
conducted from Hay to August 1980 where canopy temperatures and several 
micrometeorological parameters were measured at 11 locations in the United 
States, nine of which had precision weighing lysimeters. A mobile van fron 
the University of California, Davis was used (they were cooperators on this 
venture) as it housed all the necessary equipment and computer for 
measuring, recording, and partially processing the various parameters. 
Several objectives were to be addressed on this trip: (1) evaluate various 
EX equations and compare them with the lysimeters; (2) evaluate the crop 
water stress index for various crops in different climates; (3) cornpar-e 
various shortwave and longwave models under various climatic regimes. The 
data is being pz'oc,essed, but two manuscripts have already used some of the 
data (#5, #9, below), 

A major effort was expended in 1980 to rehabilitate our three precision 
weighing lysinetcrs. A chronology of events and the subsequent outcome are 
presented. 

Serial Cereal, a multi-planting date experiment with Produra wheat was con- 
tinued fron 1979. The objective was to make daily spectral and thermal 
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measurements of t he  crop,  measure s e v e r a l  p lan t  parameters ,  and monitor  
micrometeorological  and s o i l  parameters and t o  r e l a t e  remotely sensed 
in fo rma t ion  t o  crop growth, water s t r e s s ,  and y ie ld .  An experiment was 
conducted coope ra t ive ly  with SEA/AR personnel  i n  South Dakora t o  determine 
i f  f o l i a g e  temperature of corn could be used t o  d e t e c t  t h e  i n f e s t a t i o n  of 
t h e  corn roo t  worm. Cotton f o l i a g e  temperatures were measured i n  Phoenix 
t o  e v a l u a t e  t h e i r  p o t e n t i a l  f o r  scheduling i r r i g a t i o n s .  

PART A. INSTRUMENTATION 

I. Jackson, RD D * ,  P i n t e r ,  P. J., Jr., Reginato, R. J., and Idso ,  S. Be 
Hand-Held Radiometry, USDA SEA Agr i cu l tu ra l  Reviews and Manuals I?-19, 
pp. 66. 1980, 

Hand-held radiometers  a r e  smal l  instruments  t h a t  measure r a d i a t i o n  t h a t  has 
been r e f l e c t e d  o r  emit ted from a t a r g e t .  Most have bandpass r e g i o n s  s i m i -  
l a r  t o  those  of scanners  aboard s a t e l l i t e s  now i n  o r b i t  o r  soon t o  be 
launched. Hand-held radiometers  are p a r t i c u l a r l y  u s e f u l  f o r  o b t a i n i n g  fre- 
quent  s p e c t r a l  and thermal d a t a  over numerous small  p l o t s  having d i f f W : r ~ ~ t  
t r ea tmen t s  such a s  i r r i g a t i o n s  o r  f e r t i l i z a t i o n ,  Such experiments  a13.w 
t h e  development oE r e l a t i o n s h i p s  between remotely sensed d a t a  and a g r u L ~ x x t c  
v a r i a b l e s ,  a s  we l l  a s  r e l a t i o n s h i p s  needed f o r  improved i n t e r p r e t a t i o n  oE 
s a t e l l i t e  d a t a  and t h e i r  a p p l i c a t i o n s  t o  a g r i c u l t u r e .  

A set of no te s  was developed t o  a i d  t he  beginner i n  hand-held radiometry.  
The e lec t romagnet ic  spectrum is  reviewed, and p e r t i n e n t  terms a r e  def ined.  
View a r e a s  oE multiband radiometers  a r e  developed t o  show t h e  a r e a s  of 
co inc idence  of ad jacent  bands. The amounts of p l a n t  cover seen  by radio-  
meters  having d.if f e r e n t  f i e l d s  of view a r e  descr ibed - Vegeta t ion  i n d i c e s  
a r e  der ived  and discussed.  Response func t ions  of s e v e r a l  rad iometers  a r e  
shown and appl ied  t o  spectrometer  da t a  taken over 12 wheat p l o t s ,  t o  pro- 
v i d e  a comparison of ins t ruments  and bands wi th in  and among ins t ruments .  
The c a l c u l a t i o n  of s o l a r  time is  reviewed and appl ied  t o  t h e  c a l c u l a t i o n  of 
t h e  l o c a l  time of Landsat s a t e l l i t e  overpasses  f o r  any p a r t i c u l a r  l o c a t i o n  
i n  t h e  no r the rn  hemisphere. The use and misuse of hand-held i n f r a r e d  ther -  
mometers a r e  d iscussed ,  and a procedure f o r  photographic de t e rmina t ion  of 
p l a n t  cover i s  descr ibed .  

Some sugges t ions  a r e  o f f e red  concerning procedures t o  be fol lowed when 
c o l l e c t i n g  hand-held s p e c t r a l  and thermal da ta .  A l i s t  of r e f e r e n c e s  per- 
t i n e n t  t o  hand-held radiometry is  included. 

2. Allen ,  Re F., Jackson, K. D., and P i n t e r ,  P. J., Jr. 1380, To r e l a t e  
Landsat da t a  t o  U. S. A g r i c d t u r e  (formerly t i t l e d  A microprocessor-  
based p o r t a b l e  d a t a  a c q u i s i t i o n  system f o r  hand-held r ad iome te r s ) .  
Agric.  Eng. 6 l ( l l )  : 1.2-14. 

A p o r t a b l e ,  8+5  kg, d a t a  a c q u i s i t i o n  system was designed t o  enab le  
c o l l e c t i o n  and rap id  processing of radiance d a t a  from a four-band "Landsat 
Ground T r u t h "  radiometer ,  M t e r  c o l l e c t i o n  the  d a t a  a r e  dumped d i r e c t l y  
i n t o  a c o m p t e r  f o r  processing wi th  the  r e s u l t s  a v a i l a b l e  30 t o  45 minutes  
a f t e r  s t a r t i n g  the  maasurements. 
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PART B e  CROP WATER STRESS INDEX AND STRESS-DEGREE-DAY 

3. Idso ,  S. Re, Jackson, Re D., P i n t e r ,  PI J., Jr,, Reginato, R. J., and 
H a t f i e l d ,  J. L. Normalizing t h e  stress-degree-day parameter  f o r  
environmental v a r i a b i l i t y .  A g r i c u l t u r a l  Meteorology ( i n  press ) .  

Seve ra l  experiments involv ing  the  measurement of f o l i a g e - a i r  t empera ture  
d i f f e r e n t i a l s  (TF - TA) and air  vapor pressure  d e f i c i t s  (VPD) were con- 
ducted on squash, a l f a l f a ,  and soybean crops at Tempe and Mesa, Arizona; 
Manhattan, Kansas; Lincoln,  Nebraska; S t -  Paul, Minnesota; and Fargo, 
North Dakota- It is shown t h a t  throughout t he  g r e a t e r  p o r t i o n  of t h e  
d a y l i g h t  per iod,  p l o t s  of Tp - TA v s  VPD y i e l d  l i n e a r  r e l a t i o n s h i p s  f o r  
p l a n t s  t r a n s p i r i n g  a t  t h e  p o t e n t i a l  r a t e ,  i r r e s p e c t i v e  of o t h e r  environmen- 
t a l  parameters  except  c loud cover* This  f a c t  is used t o  develop a c rop  
water  s t r e s s  index t h a t  is  reasonably independent of environmental  
v a r i a b i l i t y .  Examples aE i t s  a p p l i c a t i o n  t o  s t r e s s e d  soybeans and a l f a l f a  
a r e  provided* 

4. Jackson, R1 D., Xdso, S, Be, Reginato, R. J*, and P i n r e r ,  PI J., Jr* 
Canopy temperature as a crop water s t r e s s  i n d i c a t o r *  l Ja te r  Resources 
Research ( submi t ted)*  

Canopy temperatures ,  ob ta ined  by i n f r a r e d  thermometry, a long  wi th  w e t  and 
d r y  bulb  a i r  temperatures  and an e s t ima te  of n e t  r a d i a t i o n  were used i n  
equa t ions  der lved  from energy ba lance  cons ide ra t ions  t o  c a l c u l a t e  a c rop  
water  s t r e s s  index (CldSI). Theore t i ca l  l i m i t s  were developed f o r  t h e  
canopy-air temperature d i fEerence  a s  r e l a t e d  t o  t he  air vapor  p r e s s u r e  
d e E i c i r .  The G7SI was der ived  both mathematically and g r a p h i c a l l y  and was 
shown t o  be equal  t o  1 - E/Ep, t he  r a t i o  of a c t u a l  t o  p o t e n t i a l  eva- 
p o t r a n s p i r a t i o n  obta ined  from t h e  Penman-14onteith equat ion*  Four exper i -  
mental  p l o t s ,  $anted t o  wheat, rece ived  post  emergence i r r i g a t i o n s  a t  
d i f f e r e n t  t imes t o  c r e a t e  d i f f e r e n t  degrees of s t r e s s .  P e r t i n e n t  v a r i a b l e s  
were measured between 1340 and 1400 each day (except some weekends)- The 
CIJSI, p l o t t e d  a s  a func t ion  of t ime, c l o s e l y  p a r a l l e l e d  a p l o t  of t h e  
e x t r a c t a b l e  s o i l  water  i n  t h e  0- t o  1.1-m zone. Usefulness  and l i m i t a t i o n s  
o f  t he  index a r e  d iscussed .  

5. Xdso, S* Be, Reginato, R. J., Jackson, R. D., and P i n t e r ,  P. J., Jr. 
Fo l i age  and a i r  temperatures: Evidence f o r  a dynamic equ iva l ence  
poin t .  A g r i c u l t u r a l  Pleteorology (submit ted)  

Experimental evidence is  presented t o  demonstrate t h a t  the  equ iva l ence  
p o i n t  of p l a n t  and a i r  temperatures  not  a un ive r sa l  c o n s t a n t  i n  t h e  
v i c i n i t y  of 33'C, as has  long been t a c i t l y  assumed t o  be t h e  case  f o r  wel l-  
watered vegeta t ion .  In s t ead ,  i t  i s  shorn t h a t  the  equiva lence  p o i n t  i s  a 
dynamic v a r i a b l e ,  responding t o  both p l an t  and envi ronnenta l  f a c t o r s .  
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PART C . 1BRIG.ATION NANAGEMENT 

6. Jackson, R. D., Idso, S, B., Reginato, R. J., and Pinter, P. J., Jr. 
Remotely sensed crop temperatures and reflectances as inputs to irri- 
gation scheduling. Proceedings of the Specialty Conference on 
1rri.gation and Drainage - Today's Challenges. ASCE/Boise, Idaho, 
July 23-25, 1980. pp. 390-397. 

lresent irr.igation scheduling techniques use soil and meteorological para- 
meters to deternine irrigation timing and amounts, Remote sensing provides 
nondestructive direct measurements of crop canopy conditions that can be 
combined with the soil and meteorological information to improve irrigation 
scheduling. Renotely sensed canopy temperatures indicate crop water 
status. Coupled with a measurement of the air vapor pressure deficit, the 
canopy-air temperature difference offers a means of predicting when irriga- 
tion is needed based upon the plants response to its environment. Spectral 
reflectances are related to plant cover and plant density, and perhaps can 
be used to estimate the crop coefficients necessary to meteorologically- 
based computer scheduling techniques. 

7. Jackson, R. D, ,  Salononson, V. V., and Schmugge, T, J. 1980, 
Irrigation management - future techniques- Proceedings of the Second 
National Irrigation Symposium, Lincoln, Nebraska, 20-23 October 1980 
(in press). 

The potential that remote sensing holds for irrigation management is 
largely undeveloped. Several facets of this potential have been 
demonstrated; for example, the determination of the areal extent of irri- 
gated lands, the estimation of soil moisture, and the detection of crop 
stress. F u l l  development of this potential, however, depends on aggressive 
research programs at all levels (ground, aircraft, and spacecraft 
 platform^)^ Ground-based research, using instruments that are hand-held, 
boon-, or truck-mounted, offers a means of rapidly and frequently assessing 
a number of s~nall fields of limited areal extent. Aircraft and spacecraft 
platforms enlarge the areal extent capabilities but usually decrease the 
frequency of measurementso At the present time, a serious limitation of 
satellite systems is the time delay between observation and data 
availability. A stringent requirement demanded by irrigation management is 
that data be available in near real time so that management decisions can 
be made soon enough to alleviate impending adverse conditions. 

In this report we review some remote sensing techniques as to their use- 
fulness in irrigation management. The visible and near-infrared, thermal 
infrared, and microwave regions of the electromagnetic spectrum are 
discussed in relation to agricultural parameters such as crop density, crop 
stress, soil moisture, and areal extent of irrigation, Satellite systems 
under development and in planning stages are discussed in terms of their 
usefulness for irrigation management. 
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8. N a t f i e l d ,  J.  L., I G l l a r d ,  J. P., Reginato, R. J., 3ackson, R. D., 
Id so ,  S. B., P i n t e r ,  PI J., Jr., and Goettelman, Re C. 1980. S p a t i a l  
v a r i a b i l i t y  of su r f ace  temperature a s  r e l a t e d  t o  cropping p r a c t i c e  
w i t h  imp l i ca t ions  f o r  i r r i g a t i o n  management, Proc. of t he  1 4 t h  Annual 
Symposfun of Remote Sensing of Environment. pp. 1311-1320, 

Thermal i n f r a r e d  emission from a s u r f a c e  is  a func t ion  of t h e  s u r f a c e  
temperature and emis s iv i ty -  The temperature is  dependent upon the  energy 
p a r t i t i o n i n g  and t h e  su r f ace  f e a t u r e s .  For a g r i c u l t u r a l  purposes t he  sur-  
f a c e  ranges  from bare  s o i l  t o  complete vege ta t ive  cover* S t u d i e s  have been 
conducted s i n c e  1976 a t  both Davis, C a l i f o r n i a  and Phoenix, Arizona us ing  
thermal  i n f r a r e d  t o  measure crop s t r e s s .  Crop stress has been eva lua t ed  
w i t h  t h e  stress-degree-day (SDD) concept which is  a comparison of t h e  mid- 
day canopy-air temperature d i f f e r e n c e .  A canopy well-suppl ied wieh water 
i s  r e l a t i v e l y  c o o l e r  than a i r ,  whereas t h e  l eaves  a r e  warmer a s  t h e  water  
a v a i l a b i l i t y  dec reases -  Throughout t h e  season the  accumulation of SDD 
dur ing  t h e  reproduct ive  s t a g e  of growth i s  i n v e r s e l y  r e l a t e d  t o  y i e l d .  
Th i s  r e l a t i o n s h i p  has been shown f o r  durum wheat, hard red win te r  wheat, 
b a r l e y ,  g r a i n  sorghum and soybeans. SDDFs can be used t o  schedule  i r r i g a -  
t i o n s  f o r  maximizing y i e lds .  This  concept can be used f o r  apply ing  
remotely sensed d a t a  t o  management of water  resources  f o r  optimum use  of 
water .  

To examine t h e  v a r i a b i l i t y  i n  t enpe ra tu re  t h a t  may e x i s t  from one 
a g r i c u l t u r a l  f i e l d  t o  another ,  and t o  determine r e a l i s t i c  w i th in - f i e ld  
tempera ture  v a r i a t i o n s ,  an a i rbo rne  f l i g h t  wi th  a thermal-IR scanner  was 
conducted over a 50 km t r a n s e c t  near  t he  Sacramento Valley. The Texas 
I n s t r u ~ n e n t s  RS-25 scanner had a 5 m p i x e l  r e s o l u t i o n  at the  f l i g h t  a l t i t u d e  
of 3300 m. Ground measurements of s u r f a c e  temperature,  s o i l  mois ture  and 
v a r i o u s  a g r i c u l t u r a l  parameters were acquired at va r ious  l o c a t i o n s  s imulta-  
neous x ~ i t h  t he  o v e r f l i g h t .  An over lay  d i sp l ay ing  agronomic f e a t u r e s  was 
cornpared with the thermal imagery. Surface temperatures  ranging  from 22 t o  
45°C were c o r r e l a t e d  with these  f e a t u r e s ;  f o r  i n s t ance ,  t h e  22°C s u r f a c e  
temperature corresponded t o  wheat and ba r l ey  f i e l d s  and the  45°C tem-  
p e r a t u r e  corresponded t o  f a l l ow f i e l d s .  Sharp temperature demarcat ions,  a s  
much a s  16"C, occurred between many f i e l d s .  Phys ica l  s i z e  of f i e l d s  w i l l  
t h u s  p l ace  a l i m i t  on acceptab le  r e s o l u t i o n  of f u t u r e  s p a c e c r a f t  
ins t ruments .  Temperature var ia tLons  of about 5°C were noted w i t h i n  some 
f i e l d s ,  and t h l s  aga in  w i l l  be important  f o r  determining t h e  t r a d e  o f f s  
between a p a r t i c u l a r  thermal-IR technique t o  be u t i l i z e d  and s p a t i a l  
r e s o l u t i o n .  

PART Xf* PLANT WATER POTENTIAL 

9* Idso ,  S. B., Reginato, Ro J,, Reixosky, Do C., and H a t f i e l d ,  J, L. 
Determining soil-induced p l a n t  water p o t e n t i a l  depress ions  i n  a l f a l f a  
by means of i n f r a r e d  thermometry. Agronomy Journa l  (submit ted) .  

Experiments were conducted t o  measure t h e  a i r  vapor p re s su re  deE ic i  t and 
f o l i a g e - a i r  temperature d i f f e r e n t i a l s  of well-watered a l f a l f a  a t  f i v e  
d i f f e r e n t  s i t e s  throughout t h e  United S ta t e s .  A t  two of t h e s e  s i t e s  d a t a  
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were a l s o  acqui red  f o r  va r ious  degrees of s t r e s s e d  a l f a l f a ,  a long  wi th  
concurren t  measurements of t o t a l  p l a n t  water p o t e n t i a l .  The temperature 
and vapor p re s su re  d a t a  were used t o  cons t ruc t  a p l a n t  water s t r e s s  index 
which was r e l a t e d  t o  t he  p l a n t  water po ten t i a l .  D i f f e ren t  r e s u l t s  were 
obta ined  f o r  t he  two s i t e s  s tud ied ;  but a f t e r  a procedure w a s  developed t o  
remove v a r i a b l e  atmospheric e f f e c t s ,  t he  remaining soil-induced p l a n t  water  
p o t e n t i a l  depress ions  were Eound t o  be we l l  descr ibed  by a s i n g l e  func t ion  
dependent upon the  p l a n t  water s t r e s s  index. These r e s u l t s  demonstrate  t he  
a b i l i t y  oE s u r f a c e  temperature measurement by means of i n f r a r e d  thermometry 
t o  r a p i d l y  a s s e s s  l a r g e  a r e a s  of cropped land f o r  p l a n t  water p o t e n t i a l  
dep res s ions  a r i s i n g  Erom shor tages  of s o i l  moisture.  

10. Idso ,  S. Boa  Reginato, R. J*, Jackson, Re D - ,  and P i n t e r ,  P. J., Jr. 
Measuring yield-reducing p l a n t  water  p o t e n t i a l  depress ions  i n  wheat by 
i n f r a r e d  thermometry. I r r i g a t i o n  Science (submit ted) .  

Measurements of f o i l a g e  and air  wet- and dry-bulb temperatures  were made 
over  s i x  d i f f e r e n t i a l l y  i r r i g a t e d  p l o t s  of Produra wheat grown at Phoenix, 
Arizona, i n  t he  sp r ing  of 1376- These d a t a  were used t o  eva lua t e  a newly 
developed p l a n t  water s t r e s s  index each day from the  i n i t i a t i o n  of heading 
t o  t he  commencement of senescence. To ta l  p l an t  water p o t e n t i a l  d a t a  were 
a l s o  obta ined  d a i l y  over t h i s  per iod;  and a f t e r  demonstrat ing how t o  remove 
t h e  atmospheric-induced component from these  da t a ,  t h e  r e s u l t a n t  s o i l -  
induced component was p l o t t e d  a s  a func t ion  of t he  water  s t r e s s  index-  The 
r e s u l t  was a simple l i n e a r  r e l a t i o n s h i p ,  which was found t o  be i d e n t i c a l  t o  
one r e c e n t l y  der ived  f o r  a l f a l f a -  F i n a l l y ,  it was shown t h a t  g r a i n  y i e l d  
was d i r e c t l y  r e l a t e d  t o  t he  mean p l an t  water s t r e s s  index over  t h e  repro-  
d u c t i v e  growth per iod  from heading t o  senescence. 

PART E. EVAPOTRANSPIMTION 

11- Idso ,  S. B. Evaluat ing evapo t r ansp i r a t ion  r a t e s .  Proceedings of t he  
Deep Pe rco la t ion  Symposium. Arizona Department of brater Resources 
Report Hoe 1: 25-36, 19800 

A b r i e f  h i s t o r y  of methods f o r  eva lua t ing  evapotranspi . rat ion r a t e s  i s  
presented .  The concept of p o t e n t i a l  evapo t r ansp i r a t ion  is then  d i scussed ,  
l e a d i n g  t o  t he  conclus ion  t h a t  p l a n t s  always e x e r t  some degree of s tomata1 
c o n t r o l  over evapora t ive  aater l o s s e s  from t h e i r  l eaves ,  u n l e s s  they  a r e  
wet ted  e x t e r n a l l y .  This  f i nd ing  l eads  t o  the  conclus ions  t h a t  (1) t h e  
presence of vege ta t ion  on o r  above the  su r f ace  of an ex tens ive  l a k e  o r  
r e s e r v o i r  w i l l  tend t o  reduce Che r a t e  of evapora t ive  water  l o s s  therefrom, 
and ( 2 )  i r r i g a t i o n  by means of s p r i n k l i n g  is most e f f e c t i v e  when conducted 
a t  n i g h t .  A b r i e f  synops is  of cu r r en t  work i n  t h e  a r e a  of evapot ranspi ra -  
t i o n  assessment by means of remote sens ing  is then presented ,  a long  wi th  a 
judgment on the  f u t u r e  course of r e sea rch  requi red  t o  expand t h i s  
developing p o t e n t i a l .  F i n a l l y ,  a numerical example of c a l c u l a t i n g  evapo- 
t r a n s p i r a t i o n  r a t e s  by means of a new es t ima t ion  procedure is  presented.  

12.  I d so ,  S. E. Rela t ive  r a t e s  of evapora t ive  water l o s s e s  from open and 
vegetat ion-covered water bodies.  Water Resources B u l l e t i n  ( i n  p r e s s ) .  
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A review of t he  l i t e r a t u r e  p e r t a i n i n g  t o  t he  r e l a t i v e  r a t e s  of evapora t ion  
from vegetation-covered and open water  bodies i s  presented.  The review 
i n d i c a t e s  t h a t  t he  only r e l i a b l e  experiments capable of c o r r e c t l y  
add res s ing  t h i s  ques t ion  a r e  those conducted i n  s i t u .  Experiments of t h i s  
n a t u r e  show the  r a t i o  of vegetation-covered (swamp) evapora t ion  t o  open 
water  evapora t ion  t o  gene ra l ly  be l e s s  than un i ty  over  ex t ens ive  s u r f a c e s  
and t o  only approach u n i t y  f o r  vege ta t ion  t h a t  is  young and vigorous.  
Recent exper imenta l  evidence presented wi th in  a t h e o r e t i c a l  con tex t ,  
however, i n d i c a t e s  t h a t  even i n  t he  l a t t e r  s i t u a t i o n  the  r a t i o  may never 
r each  u n i t y -  Consequently, over  l a r g e  l a k e s  and r e s e r v o i r s ,  t h e  presence 
of v e g e t a t i o n  may a c t u a l l y  be a water conserva t ion  mechanism, w i t h  t h e  
e r a d i c a t i o n  of t h e  vege ta t ion  eading t o  s i g n i f i c a n t l y  increased  evapora- 
t i v e  water  l o s s e s .  

13. Cooley, K. R., and Idso,  S. B. E f f e c t s  of l i l y  pads on evaporat ion.  
Va te r  Resources Research 16: 605-606. 1980- 

Measurements of evapora t ion  from open water and water p a r t i a l l y  covered by 
l i l y  pads have i n d i c a t e d  t h a t  f o r  t h e  po r t ion  of t he  s u r f a c e  a r e a  covered 
by l i l y  pads, evapora t ion  is  reduced t o  about 48% of t h a t  occu r r ing  from 
open wa te r -  

PhRT Fo SPECTRAL WXANCE 

14. Jackson, R- D, ,  .Jones, C. A*,  Uehara, G., and Santo, Lo T. Remote 
d e t e c t l o n  of n u t r i e n t  and water  d e f i c i e n c i e s  i n  sugarcane under 
v a r i a b l e  c loudiness .  Remote Sensing of Environment ( submi t ted) .  

S p e c t r a l  measurements were made i n  a red (0.63- t o  0,69- m) and an 
i n f r a r e d  (0 *76 -  t o  0.90- vm) band over sugarcane us lng  a rad iometer  mounted 
on a 4-m aluminum pole.  In f r a red / r ed  r a t i o s  measured over a p l o t  wi th  ade- 
q u a t e  n i t r o g e n ,  potassium and water were s i g n i f i c a n t l y  h igher  than  those  
measured over a n i t rogen-de f i c i en t  p l o t  a t  the 1% l e v e l ,  and h ighe r  than  
those  over  a potassium-deficient  p l o t  a t  t h e  10% l e v e l .  I n  a second 
experiment ,  t h e  i n f r a r e d / r e d  r a t i o s  of water -def ic ien t  p l o t s  were s i g n i f i -  
c a n t l y  lower than those f o r  p l o t s  r ece iv ing  adequate water.. The measure- 
ments were made under cond i t i ons  of v a r i a b l e  c loudiness ,  ranging  from f u l l  
shade t o  d i r e c t  s u n l i g h t .  Although rad iance  va lues  changed by a f a c t o r  of 
5 from one measurement t o  t h e  next ,  changes i n  t he  i n f r a r e d j r e d  r a t i o  were 
minimal, i n d f c a t i n g  t h a t  t h i s  r a t i o  can be adequately measured under 
v a r i a b l e  i r r a d i a n c e  cond i t i ons  f o r  sugarcane when the  p l a n t s  form complete 
ground cover 

15. Ma l i l a ,  William A " ,  Lambeck, Pe t e r  P., Crist, E r i c  P., Jackson,  Ray D., 
and P i n t e r ,  Paul J., Jr. 1980. Landsat f e a t u r e s  f o r  a g r i c u l t u r a l  
appl icat t .ons.  Proc. of t h e  14th Annual Symposium on Remote Sensing oE 
Environment, pp. 793-803. 

This  psper p re sen t s  r e l a t i o n s h i p s  among Landsat MSS-bands and s e l e c t e d  
t r ans fo rma t ions  on them, wi th  emphasis on the  Tasseled-Cap Transformation 
and i t s  Br ightness ,  Greenness v a r i a b l e s .  It a l s o  d i s c u s s e s  r e l a t i o n s h i p s  
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between r e f l e c t a n c e  measurements made i n  t h e  Landsat s p e c t r a 1  bands and 
actual,  Landsat da ta .  Agronomically o r i en t ed  ana lyses  of r e f l e c t a n c e  
measurements of wheat throughout a growing season a r e  presented ,  wi th  a  
comparison of va r ious  green measures, c o r r e l a t i o n  wi th  crop development 
s t a g e ,  and examination of t h e  e f f e c t s  of moisture s t r e s s ,  The f i n a l  
example addresses  t he  use of transformed v a r i a b l e s  i n  a  newly developed 
approach t o  f o r e s t r y  change de t ec t ion .  

PART G. BARLEY ANATOHY AND MORPHOLOGY 

16. Paluska,  M. He 1980. E f f e c t  of f l a g  l ea f  and awn removal on seed 
weight  of Ar iva t  bar ley .  Jou rna l  of Arizona-Nevada Academy of Science 
(accepted f o r  pub l i ca t ion ) .  

The e f f e c t  va r ious  p l a n t  p a r t s  have on f i n a l  product ion,  y i e l d ,  is  of 
s p e c i a l  i n t e r e s t  t o  p l a n t  breeders  and phys io log i s t s .  This  paper  p r e s e n t s  
d a t a  concerning the  r e l a t i v e  photosynthe t ic  importance of f l a g  l e a v e s  and 
awns t o  t h e  f i n a l  seed weight of bar ley .  Awn removal reduced seed weight 
by an average of 19.4% i n  Axivat b a r l e y -  Flag l e a f  removal reduced seed 
weight by an  average of 3,3%* The e f f e c t  of awn plus  f l a g  l e a f  removal 
appears  t o  be a d d i t i v e ,  reducing seed weight by an average of 23.3%. 

The d a t a  obta ined  he re  have prompted r e sea rch  u t i l i z i n g  a  b reed ing  program 
t o  develop a  l a r g e  awn popula t ion  t o  supply germplasm sources  f o r  use by 
p l a n t  b reede r s  and t o  supply a d d i t i o n a l  r e sea rch  m a t e r i a l  f o r  p h y s i o l o g i s t s  
t o  cont inue  i n v e s t i g a t i o n s  of t h e  func t ions  of awns i n  ba r l ey .  

17. Paluska,  M- MI 1980. The anatomy of the  b a r l e y  arm, lemma and p a l e a *  
Crop Science ( submi t ted) -  

Numerous r e sea rch  s t u d i e s  have demonstrated the  importance of t h e  photo- 
s y n t h e t i c  a c t i v i t y  i n  t he  c e r e a l  i n f lo re scence ,  e s p e c i a l l y  t o  seed weight.  
A r e sea rch  program designed t o  maximize the  p o t e n t i a l  of t h e  b a r l e y  awn and 
o t h e r  f l o r a l  p a r t s  as photosynthe t ic  s t r u c t u r e s ,  should be based on an 
understanding of the  phys io log ica l  func t ion  of t hese  p a r t s .  And i n  o rde r  
t o  understand func t ion ,  t h e  s t r u c t u r e  f i r s t  needs t o  be descr ibed .  

This  paper p re sen t s  a d e t a i l e d  d e s c r i p t i o n  of t he  ba r l ey  awn, lemma, and 
p a l e a  from 25 p l an t  s e l e c t i o n s ,  made at random, from v a r i o u s  composite 
c r o s s  popula t ions  grown i n  the  f i e l d  a s  p a r t  of t he  USDA Bar ley  Genet ics  
and Breeding Program, Tucson, Arizona. It a l s o  e s t a b l i s h e s  t h e  e x i s t e n c e  
of v a r i a t i o n  i n  anatomical  f e a t u r e s  among genotypes. 

The obse rva t ions  from t h i s  s tudy  have prompted the  development of a l a r g e  
awn popula t ion  t o  supply germplasm sources  f o r  use by p l a n t  b r e e d e r s  and t o  
supply a d d i t i o n a l  research  m a t e r i a l  f o r  phys io log i s t s  t o  con t inue  i n v e s t i -  
g a t i o n s  i n t o  the func t ion  of awns as photosynthe t ic  s t r u c t u r e s .  

18. PaSuska, M. 14. and Ramage, R. T. 1980. The morphology of b a r l e y  
s p i k e s  s e l e c t e d  from a male s t e r i l e  ' f a c i l i t a t e d  r e c u r r e n t  s e l e c t i o n  
popula t ion  f o r  awn v a r i a t i o n .  Crop Science ( submi t ted) -  
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Researchers  have shown t h a t  t h e  awn i s  an important f e a t u r e  of t h e  b a r l e y  
f l o r e t  which c o n t r i b u t e s  s i g n i f i c a n t l y  t o  seed weight dur ing  t h e  g r a i n  f i l l  
per iod .  This  expsr'iment was designed t o  i n v e s t i g a t e  t he  v a r i a t i o n  i n  awn 
and f l o r e t  c h a r a c t e r i s t i c s  i n  a male s t e r i l e  f a c i l i t a t e d  r e c u r r e n t  s e l ec -  
t i o n  populat ion.  F i f ty- four  genotypes were s e l e c t e d  at random from t h i s  
popu la t ion  f o r  awn v a r i a t i o n .  At a n t h e s i s ,  t h r e e  primary t i l l e r s  from each 
p l a n t  s e l e c t i o n  were measured. The average sp ike  l eng th ,  number of f l o r e t s  
pe r  spLke, awn l eng th ,  awn th i ckness ,  am dry weight,  and pe rcen tage  of awn 
p e r  sp ike  were obta ined* Spike l e n g t h  va r i ed  from 3-7  t o  13.6 cm; number 
of f l o r e t s  per  sp ike  ranged from 26 t o  94. Awn c h a r a c t e r i s t i c s  a l s o  
d i sp l ayed  v a r i a t i o n -  Awn l eng th  v a r i e d  from 3*8  t o  18.4 cm; awn t h i c k n e s s  
ranged from *30 t o  -52 m; awn dry  weight ranged from .059 t o  *593 g; and 
t h e  percentage  of awn per  s p i k e  va r i ed  from 25 -+ 5 t o  -58.7. Th i s  s tudy  
demonst ra tes  t h e  e x i s t e n c e  of a wide range i n  t he  morphology of y i e l d  com- 
ponents  among b a r l e y  sp ike  c h a r a c t e r i s t i c s  which could be e x p l o i t e d  by 
b a r l e y  b reede r s  f o r  y i e l d  improvement. 

PART H. FIELD EXPERIMENTS 

19-  TJestlalie Farms, c a l i f  o r n i a  

An experiment was conducted on c o t t o n  a t  Westlake Farms i n  t h e  sou th  San 
Joaquin  Valley i n  CaliEornFa t o  determine i f  p l an t  canopy tempera tures  
could  be used a s  an e a r l y  warning i n d i c a t o r  f o r  t he  onse t  of s t r e s s  due, i n  
t h i s  ca se ,  t o  inadequate  s o i l  mois tureo  I n  add i t i on ,  a comparison was t o  
be made between t h e  newly formulated crop water s t r e s s  index and p e t i o l e  
water  con ten t ,  t h e  l a t t e r  having been proposed a s  a guide f o r  s chedu l ing  
i r r i g a t i o n s .  

The experiment was conducted a t  Westlake Farms f o r  s e v e r a l  reasons .  F i r s t ,  
w e  wanted t o  eva lua t e  t h e  use of t he  crop water  s t r e s s  index  on a commer- 
c i a l l y  opera ted  farm so a s  t o  be a b l e  t o  determine what problems would be 
encountered i n  a c t u a l  p r a c t i c e .  Second, t he  grower had made a commitment 
t o  t h e  p r o j e c t  by purchasing an i n f r a r e d  thermometer and by h i r i n g  a s t u -  
den t  f o r  t h e  summer s o l e l y  t o  c o l l e c t  da t a .  Third,  we would be involved  
only  i n  s e t t i n g  up the  experiment and analyzing the  d a t a ,  and i t s  conduct 
was l e f t  t o  t he  grower, Fourth,  t h e  f i e l d  p l o t s  were t o  be l a r g e  (4.1 ha 
o r  10 a c r e s  each) ,  r a t h e r  than  the  m a l l  p l o t s  (0.02 ha o r  OLOS a c r e s )  we 
normally used. 

The experimental  p l o t s  were loca t ed  at 36" 07' 30" North and l l g O  53' 38" 
West on t h e  e a s t  1 /2  of Sec t ion  8, Tocmship 20 South, Range 19 e a s t .  The 
s o i l  i s  Tulare  c l a y  (Typic Haplaquent, f i n e  m o n t m o r i l l i n i t i c ,  c a l c a r e o u s ,  
t he rmic ) -  Three r e p l i c a t e s  of t h r e e  i r r i g a t i o n  t rea tments  of Acala SJ-2 
c o t t o n  were p lan ted  on 2 Apr i l  1980. Each of t he  n ine  bo rde r s  conta ined  66 
rows p lan ted  i n  an east-west alignment on a 0.76 m (30") spac ing  and was 
804 m ( 0 - 5  mi l e )  long. Each p l o t  contained 4 ha (10 a c r e s ) .  Su r face  water 
was pumped onto the  p l o t s  when r equ i r ed  at the  rate of 280-850 l/s (10-30 
c f s )  f o r  an a p p l i c a t i o n  of 10 cm of water.  
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The t h r e e  i r r i g a t i o n  t rea tments  were t o  be i r r i g a t e d  a s  the  grower normally 
d id  ( f o u r  i r r i g a t i o n s  a f t e r  t h e  p rep lan t  a p p l i c a t i o n ) ,  one t r ea tmen t  was t o  
r e c e i v e  an a d d i t i o n a l  i r r i g a t i o n  (5)  t o  keep t r a n s p i r a t i o n  a t  o r  near  t h e  
p o t e n t i a l  r a t e ,  and one was t o  r ece ive  only t h r e e  i r r i g a t i o n s  t o  a t tempt  t o  
develop some p l a n t  s t r e s s .  Table 1 gives  t h e  i r r i g a t i o n  d a t e s  f o r  a l l  
p l o t s .  

P l a n t  canopy temperatures  were taken s i x  days per  week wi th  a Telatemp 
AG-42 i n f r a r e d  thermometer ( s e r i a l  number 388) from 25 June 1980 through 
30 August 1980, with t he  except ion of two weeks i n  e a r l y  August when t h e  
u n i t  was being repa i red .  Eight  canopy temperatures were measured on each 
border:  fou r  looking no r th  ac ros s  t h e  rows and four .1ooking s o u t h  a c r o s s  
t h e  rows* The readings  were spaced 15 m (50°)  a p a r t  s t a r t i n g  from t h e  e a s t  
s i d e  of t h e  border*  hir wet- and dry-bulb temperatures  were taken  wi th  a 
Bendix a s p i r a t e d  psychrometer between each border,  60 m (200 ')  i n  from the  
e a s t  bo rde r -  Dai ly v i s u a l  observa t ions  were a l s o  made of sky c o n d i t i o n s  
and gene ra l  p l a n t  h e a l t h -  

A weather  s t a t l o n  was s e t  up at Westlake Farms headquar te rs  about  s i x  m i l e s  
n o r t h  of t h e  experiment. The s t a t i o n  included a record ing  hygro themograph,  
maxfnum-minimum thermometers ( read d a i l y ) ,  an anemometer f o r  t o t a l  wind run 
( r e a d  d a i l y )  and a pyranometer wi th  a recording i n t e g r a t o r  t o  g i v e  d a i l y  
va lues  of incoming s o l a r  r a d i a t i o n .  

P e t i o l e  water  conten t  was proposed ( i n  1969) a s  a parameter which could be 
used as a guide f o r  scheduling i r r i g a t i o n s .  The technique is  t ime 
consuming, s o  the  comparison of us ing  the  i n f r a r e d  thermometer w i t h  p e t i o l e  
water  con ten t  was des i r ab l e .  

P e t i o l e s  were obtained by p u l l i n g  the  uppermost mature l e a v e s  from randomly 
s e l e c t e d  p l a n t s  ac ros s  each r e p l i c a t i o n .  Leaves were then s t r i p p e d  from 
t h e  p e t i o l e s  i n  t he  f i e l d ,  and the  p e t i o l e s  were placed i n  s e a l e d  p l a s t i c  
bags u n t i l  weighing and drying ( l a t e r  t h a t  same day)* Samples were taken 
approximately t h r e e  t imes weekly. 

I?esul ts  f o r  Westlake 

P e t i o l e  water conten t  (PWC) is  p l o t t e d  a s  a func t ion  of d a t e  i n  F igu re  1 
f o r  a l l  t h r e e  t rea tments*  The va lue  f o r  any po in t  is  t h e  average  of t h e  
t h r e e  r e p l i c a t e s .  The c r i t e r i a  e s t a b l i s h e d  previous ly  by t h e  grower w a s  t o  
i r r i g a t e  when the PWC reached about 0-84 (which was done f o r  t h e  wet - 
t r ea tmen t ) ,  There a r e  per iods  of missing da ta ,  but  t h e  t r e n d s  are c l e a r .  
E a r l y  i n  t he  season the  E?C was high (0-88) and dec l ined  u n t i l  an 
i r r i g a t i o n .  Af te r  water ing the  PNC d i d  no t  recover  t o  its h igh  va lue  of 
0.88 but  only t o  0.87 a f t e r  t h e  f i r s t  i r r i g a t i o n  and t o  0-84 t o  0.85 f o r  
subsequent i r r i g a t i o n s .  It is a l s o  of i n t e r e s t  t o  no te  t h a t  t h e  rehydra- 
t i o n  process  was no t  complete u n t i l  a week a f t e r  t he  i r r i g a t i o n ,  i n d i c a t i n g  
an  i n t e r n a l  adjustment  per iod f o r  t h e  crop and time f o r  t h e  water  t o  be 
d i s t r i b u t e d  w i t h i n  t h e  r o o t  zone. 
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From these  d a t a  i t  was assumed t h a t  t h e  co t ton  was t r a n s p i r i n g  a t  t he  
p o t e n t i a l  r a t e  when the  PtJC exceeded 0*86. To e s t a b l i s h  t h e  lower b a s e l i n e  
f o r  c o t t o n  of t he  f o l i a g e - a i r  temperature d i f f e r e n t i a l  - vapor p re s su re  
d e f i c i t  r e l a t i o n s h i p ,  only those  d a t a  c o l l e c t e d  on c l e a r  days when the  
P W  >0086 were used- F igure  2 shows t h e  r e l a t i o n s h i p .  The upper l i m i t  of 
TF - TA was obtained from t h e  technique proposed by Idso  et  a 1  ( i tem #3 i n  
t h i s  r e p o r t ) .  

Using the  upper and lower l i m i t s  i n  F igure  2, a crop water s t r e s s  index 
((TWSI) was c a l c u l a t e d  (per  Idso e t  a l ,  lj3) f o r  a11 days where WJC d a t a  were 
a v a i l a b l e .  Also, a @;IS1 was c a l c u l a t e d  f o r  the  same days from a t h e o r e t i -  
cal approach descr ibed  by Jackson e t  a 1  ( i tem $4 i n  t h i s  r e p o r t ) -  This  
l a t t e r  CKSI r e q u i r e s ,  i n  a d d i t i o n  t o  f o l i a g e  temperature,  and air wet- and 
dry-bulb temperatures ,  an e s t ima te  of n e t  r a d i a t i o n  at the  t i m e  of f o l i a g e  
temperature mneasurement. These e s t i m a t e s  were made from an e a r l i e r  s tudy  
r e l a t i n g  the  d a i l y  t o t a l  s o l a r  r a d i a t i o n  t o  an ins tan taneous  s o l a r  
r a d i a t i o n  va lue  about an hour a f t e r  s o l a r  noon and then t ak ing  0,75 af t h a t  
la t ter  value. 

The two crop water s t r e s s  i n d i c e s  a r e  p l o t t e d  a s  a func t ion  of d a t e  i n  
F igure  1 f o r  t he  t h r e e  i r r i g a t i o n  t rea tments*  I n  s p i t e  of t h e  gaps i n  
d a t a ,  t h e  t rend i s  c l e a r :  a s  t he  WC inc reases  a f t e r  an i r r i g a t i o n ,  t h e  
CGlSI decreases ,  i n d i c a t i n g  t h a t  t h e  c rop  is  rehydra t inge  These two inde- 
pendent measurements of p l a n t  stress appear t o  be somewhat i n  phase dur ing  
t h i s  60-day measurement per iod  f o r  co t ton .  The arrows a t  t h e  top  of each 
graph i n  F igure  3 r ep resen t  10 cm i r r i g a t i o n s  f o r  t he  t h r e e  t r ea tmen t s*  
Both crop water s t r e s s  i n d i c e s  fo l low q u i t e  similar p a t t e r n s ,  a l though 
Idso" has a l a r g e r  amplitude than  J a c k ~ o n " ~  

A p l o t  of CWSL vs PdC i s  shown i n  Figure 3 f o r  both methods of c a l c u l a t i n g  
t h e  index. Although t h e  s l o p e s  and i n t e r c e p t s  a r e  d i f f e r e n t ,  t h e  
r e g r e s s i o n  c o e f f i c i e n t s  a r e  n e a r l y  i d e n t i c a l ,  i n d i c a t i n g  t h a t  both methods 
of c a l c u l a t i n g  the  CCJSl work equa l ly  w e l l  f o r  t h i s  s e t  of da t a .  

I n  1977, personnel  from Westlake Farms conducted an experiment on c o t t o n  
where they t r i e d  t o  use p e t i o l e  water  conten t  as a guide t o  schedule 
i r r i g a t i o n s *  They found an inve r se  r e l a t i o n s h i p  between y i e l d  of l i n t  co t -  
t o n  and the  average p e t i o l e  water conten t  during t h e  growing season. The 
d a t a  from 1980 showed a similar t rend  and i s  displayed i n  F igure  4 alorig 
w i t h  the  1977 da t a .  There a r e  too few da ta  t o  determine t h e  exac t  shape of 
t h e  r e l a t i o n s h i p ,  but  t h e  t rend is  q u i t e  c l e a r .  The h ighes t  y i e l d  was 
obta ined  when t h e  average p e t i o l e  water content  was >0*86. These da t a  a l s o  
i n d i c a t e  t h a t  a%.iorxi.ng the  PlJC t o  decrease only s l i g h t l y  w i l l  r e s u l t  i n  a 
s i g n i f i c a n t  y i e l d  reduct ion .  

Also p l o t t e d  i n  F igure  4 a r e  both Gb;ISIfsn No canopy temperature da t a  were 
taken i n  1977, so only 1980 d a m  a r e  shown. Both i n d i c e s  were averaged 
over  the same measurement per iod  a s  t he  p e t i o l e  water  conten t  (27 June - 
15 August 1980) and p l o t t e d  as a func t ion  of y i e ld .  The r e l a t i o n s h i p  be t -  
ween t h s  i n d i c e s  and y i e l d  a r e  very s i m i l a r  a l though d isp laced  one from 
another .  They a r e  a l s o  very  s i m i l a r  t o  the  EJC-yield r e l a t i o n s h i p  f o r  
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1980. This  impl ies  t h a t  both the  CNSI and the RJC a r e  good p r e d i c t o r s  of 
c o t t o n  l i n t  y i e ld .  

SUMMARY : 

An experiment on co t ton  was conducted i n  t he  south San Joaquin Valley of 
C a l i f o r n i a  e n t i r e l y  by the  farmer dur ing  the  summer of 1980 t o  determine i f  
f o l i a g e  temperatures  could be used t o  schedule i r r i g a t i o n s .  Ee a l s o  
measured p e t i o l e  water  conten t  f r equen t ly  as he determined from previous 
r e s e a r c h  t h a t  t h i s  parameter could be used f o r  i r r i g a t i o n  scheduling.  The 
d a t a  were c o l l e c t e d  by t h e  farmer and processed by us. 

The c rop  m t e r  s t r e s s  index fo l lows ,  i n  an oppos i t e ' f a sh ion ,  t h e  p e t i o l e  
water  coxrtent a s  a func t ion  of t ime, A s  t h e  p l a n t  dehydra tes ,  due t o  l a c k  
of s o i l  moisture,  t h e  PWC decreases  and the  ClJSI i n c r e a s e s *  Because of t h e  
l i m i t e d  d a t a  s e t  over s e v e r a l  i r r i g a t i o n s  t h e  whole season p i c t u r e  is  . 
incomplete.  However, t h e  t rend  is  c l e a r :  t he  ClJSI i s  reasonably  w e l l  
c o r r e l a t e d  wi th  PfJC ( r 2  = 0.53)- Also, t he  r e s u l t s  show t h a t  bo th  the  
average p e t i o l e  water conten t  (PWC), and average crop water s t r e s s  index 
(CGISI) are good p r e d i c t o r s  of c o t t o n  l i n t  y ie ld .  Addi t iona l  r e sea rch  w i l l  
be conducted i n  1981 a t  Westlake Farms and at Phoenix t o  v e r i f y  t h e  
CWSI-PWC r e l a t i o n s h i p  and t o  i n v e s t i g a t e  how the  CUSI can be  used t o  sche- 
d u l e  i r r i g a t i o n s  f o r  co t ton .  

A Lysimt te r  Evapot ranspi ra t ion  ~f ic rometeoro logica l  Experiment was conducted 
du r ing  J ~ m e  and J u l y  1980 a t  11 resea rch  loca t ions  i n  the  United S ta t e s .  
The purpose of t h i s  p r o j e c t  was t o  eva lua te  t he  stress-degree-day concept 
and the  crop rvmter s t r e s s  index on d i f f e r e n t  crops under d i f f e r e n t  c l i m a t i c  
regimes* Since n ine  of t h e  e leven  l o c a t i o n s  had p rec i s ion  weighing 
l y s i m e t e r s ,  d a t a  were c o l l e c t e d  t o  eva lua t e  s eve ra l  evapo t r ansp i r a t ion  
models f o r  comparison a g a i n s t  l y s i m e t r i c  da ta .  I n  a d d i t i o n ,  v a r i o u s  sho r t -  
wave and longwave r a d i a t i o n  models were t o  be evaluated under t h e  va r ious  
c l i m a t i c  regimes* The l o c a t i o n s  v i s i t e d  and crops observed a r e  l i s t e d  i n  
Table 2 i n  t h e  o rde r  oE v i s i t a t i o n .  The loca t ions  v a r i e d  i n  l a t i t u d e  from 
26"N t o  4 6 O N ,  i n  l ong i tude  from 93OW t o  121°W, and i n  e l e v a t i o n  from -30 m 
t o  3337 m, a wide range of condi t ions .  Veather cond i t i ons  were q u i t e  good 
and t h e r e  was a t  l e a s t  one completely c l e a r  day at each l o c a t i o n .  

The t r i p  was accomplished using a mobile van from the  Un ive r s i t y  of - 
C a l i f o r n i a ,  Davis which housed a l l  t he  necessary equipment and computer- 
based da ra  acquis i tLon system. D r s .  J e r r y  Matf ield (UCD), Sherwood Idso  
(USWCL) and Robert R e g h a t o  (USWCL) were the da t a  g a t h e r e r s  on t h e  t r i p .  
Al l .  instrurnants  were c a l i b r a t e d  p r i o r  ro and immediately fo l lowing  the  
nine-week t r i p .  A unique f e a t u r e  of t h e  t r i p  was t h a t  a l l  d a t a  were 
c o l l e c t e d  i n  a n e a r l y  i d e n t i c a l  manner a t  a l l  l o c a t i o n s  and t h e  ins t ruments  
and se tups  were i d e n t i c a l  a t  a l l  l oca t ions .  Table 3 l ists t h e  types  of 
s e n s o r s  w e d ,  where they were loca t ed ,  and the  frequency of measurement f o r  
each sensor .  
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A l l  t h e  manually obtained d a t a  have been en tered  i n  t h e  computer s o  i t  can 
be processed i n  conjunct ion with t h e  micrometroeological  da t a .  A l l  of t he  
d a t a  a r e  c u r r e n t l y  being analyzed t o  meet t he  o b j e c t i v e s  of X;ETME. Two 
manuscr ip ts  have been w r i t t e n  ( i tems 5 and 9, above) us ing  j u s t  a small  
p a r t  of the  da t a .  Next y e a r ' s  Annual Report w i l l  have more on LETFIE. 

21, LYSXMETER EHABILITATTON 

The l y s i m e t e r s  have no t  been o p e r a t i o n a l  f o r  about fou r  y e a r s ,  so  i t  was 
decided t o  r e p a i r  them* The dec i s ion  t o  r e p a i r  them was based on t h e  f a c t  
t h a t  a comprehensive experiment t o  be i n i t i a t e d  late i n  1981 r e q u i r e  pre- 
c i s e  s h o r t  time measurements of evapot ranspi ra t ion ;  

On 16 June 1980, t h e  inne r  b ins  were removed and the  load c e l l s  were 
renoved. We at tempted t o  i n s t a l l  r e c e n t l y  purchased load cells, bu t  found 
they  were t h e  wrong s i z e .  New load c e l l s  ( t h e  c o r r e c t  c o n f i g u r a t i o n )  were 
ordered  and de l ive red  i n  August- They were i n s t a l l e d ,  and t h e  i n n e r  b ins  
r ep l aced*  But t h e  ly s ime te r s  could not  be c a l i b r a t e d .  It w a s  n o t i c e d  t h a t  
t h e  counterweights  were not  centered  i n  t he  counterweight s h a f t  of l y s i -  
metcr 2. We then  decided t o  excavate a l l  t h r e e  l y s i m e t e r s  and have t h e  
weighing mechanism ( c o f f i n )  r epa i r ed  by a local. s c a l e  company. 

The c o u n t e r ~ d i ~ h t s  and i n n e r  b i n s  were removed p r i o r  t o  excava t ing  the  
remainder of t h e  ly s ime te r  system. The top  s ix  inches  of s o i l  around each 
l y s i m e t e r  was removed and kept  i n  a sepa ra t e  p i l e  f o r  repacking  purposes.  
S o i l  was excavated about 40 cm below t h e  top of each conc re t e  suppor t  
system. The counterweight s h a f t s  and o u t e r  b i n s  were then  detached from 
t h e  cof l l .n  and moved t o  the  s i d e  of the f i e l d .  Las t ,  t h e  c o f f i n s  were 
renoved f o r  i n s p e c t i o n *  The r e a r  baske ts  and f r o n t  end cover  p l a t e s  were 
removed t o  expose t h e  weighing mechanism- 

Rust covered t h e  i n t e r i o r  wa l l s  and balance beans of a11 t h r e e  l y s i m e t e r s ,  
and t h e r e  was about  2 t o  5 cm of r u s t  p a r t i c l e s  on t h e  bottom of two 
c o f f i n s .  The t h i r d  c o f f i n  had about 5 cm of s o i l  depos i ted  i n  it .  

A l l  moving p a r t s  i n  a l l  t h r e e  ly s ime te r s  were e i t h e r  immobile o r  ou t  of 
a l ignment* Southwestern Sca le  Company of Phoenix took l y s i m e t e r  #3 c o f f i n  
t o  s ee  i f  i t  could be r epa i r ed .  Af t e r  dismantl ing t h i s  u n i t ,  it w a s  found 
t h a t  t h e  upper h o r i z o n t a l  f l e x u r e  had f a i l e d *  A l l  o t h e r  p a r t s  w e r e  only 
r u s t y .  The company sandblas ted  and painted a11 components, r e i n s t a l l e d  
them (wi th  a new f l e x u r e ) ,  and re turned  the  c o f f i n  t o  us  f o r  t e s t i n g .  

The c o f f i n  was placed on temporary suppor ts  on the  pavement, t h e  new load 
c e l l s  mounted i n  p lace ,  and t h e  inne r  b in  and counterweights  i n s t a l l e d .  
Weights were added t o  the  counterweight s h a f t  u n t i l  t h e  ba lance  beam was 
f r e e .  This  was observed by not ing  the  movement of t h e  end of ba lance  beam 
between the  two mechanical s t o p s  behind the end p l a t e  (which w a s  removed). 
Once the  beam was i n  balance,  a quick c a l i b r a t i o n  was made t o  de te rmine  i f  
f u l l  s c a l e  (50 kg) could be obtained.  The c a l i b r a t i o n  was s u c c e s s f u l .  
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Af te r  t h i s  c a l i b r a t i o n  the  inne r  b in  and counterweights were removed, and 
t h e  baske t  and end p l a t e  were r e i n s t a l l e d  s e a l i n g  them wi th  s i l i c o n e  rubber 
around t h e  b o l t s .  The company proceeded with r e p a i r i n g  the o t h e r  two 
c o f f i n s .  

While the  o t h e r  two c o f f i n s  were being r epa i r ed ,  t h e  t h r e e  i n n e r  b i n s  were 
s a t u r a t e d  wi th  t a p  water (400 ppm t o t a l  salts), and vacuum pumps were con- 
nec ted  t o  t he  e x t r a c t i o n  u n i t s .  The i n i t i a l  s a l t  conten t  of t h e  e x t r a c t s  
were 5,800 ppm, 8,200 ppm, and 12,600 ppm f o r  l y s ime te r s  1, 2, and 3 
r e s p e c t i v e l y -  Lysimeter 1 y ie lded  35 t o  55 l i t e r s / d a y  dur ing  the  next  
month ( t a p  water  was added occas iona l ly  t o  t he  s o i l  s u r f a c e  dur ing  the  
month and the s a l t  conten t  of t h e  e x t r a c t  was reduced t o  765 ppm. 
Lysimeter 2 y i e lded  25-25 l i ters  per  day and the  salt concen t r a t ion  
dec l ined  t o  1050 ppm. The problem was wi th  lys imeter  3. The e x t r a c t i o n  
u n i t s  clogged and only 4-8 l i t e r s / d a y  could be removed. I n  a month's t i m e  
t h e  s a l t  con ten t  dec l ined  only t o  8000 ppm. Four ceramic cups were 
i n s t a l l e d  from t h e  top  of t he  s o i l  t o  t h e  bottom of t h e  tank wi th  t h e  hope 
of i n c r e a s i n g  t h e  e x t r a c t i o n  of s a l t y  water from the  bottom of t h e  
l y s i m e t e r ,  This  procedure was not  very s a t i s f a c t o r y ,  The s o i l  around t h e  
cups w a s  probably d ispersed  during i n s t a l l a t i o n  and t h e  hydrau l i c  conduc- 
t i v i t y  decreased d r a s t i c a l l y -  The vacuum pump is  s t i l l  running a t  t h e  
w r i t i n g  of t h i s  r e p o r t  (14 A p r i l  1981), and the  s a l t  conten t  has  been 
reduced to  about 5000 ppmo 

The t h r e e  r epa i r ed  c o f f i n s  were placed i n  t he  concre te  f o o t i n g s  and 
l eve l ed .  S i l i c o n e  rubber was beaded on each c o f f i n  where the  counterweight  
s h a f t  and a u t e r  b i n  would r e s t  on it f o r  waterproofing purposes* Af t e r  
p l ac ing  the o u t e r  b i z  and counterweight s h a f t  i n  p lace ,  t he  load  c e l l s  were 
i n s t a l l e d  and connected t o  t he  power and s i g n a l  cable .  

I n  o rde r  t o  prevent  water from g e t t i n g  between the  c o f f i n  and conc re t e  
f o o t i n g s ,  a s i n g l e  rubber s h e e t ,  w i th  cu tou t s  f o r  t he  counterweight  s h a f t  
and o u t e r  b in ,  was i n s t a l l e d -  The shee t  was a t tached  t o  the  b in  and s h a f t  
about 40 cm above the  c o f f i n *  This  was accomplished by p re s s ing  the  
s h e e t i n g  a g a i n s t  p rev ious ly  i n s t a l l e d  caulking tape ,  The shee t ing  was he ld  
i n  p lace  us ing  pine 2 x 4 ' s  and metal  s t r app ing ,  About 3 cm of s h e e t i n g  
s t u c k  up above t h e  2 x 4 ' s  and was f i l l e d  with s i l i c o n  rubber .  The rubber. 
s h e e t  draped over t he  edge of t he  concre te  foo t ing  so no water  could e n t e r  
t h e  foo t ing .  

I n  t h e  event  t h a t  water  somehow managed t o  g e t  i n  t h e  foo t ing ,  a one-half 
i n c h  copper tube was placed between the  c o f f i n  and foo t ing  t o  f a c i l i t i a t e  
water  ranoval -  S imi l a r  tub ing  was placed i n  the  c o f f i n  i n  t h e  event  t h a t  
water  en tered  the  c o f f i n .  

The inne r  b ins  were r e i n s t a l l e d ,  counterweights added t o  b r i n g  t h e  system 
i n  balance,  and a c a l i b r a t i o n  performed. A l l  systems worked p e r f e c t l y *  

A i r  d ry  s o l 1  was b a c k f i l l e d  around the ly s ime te r s  and tamped i n  wi th  a s o i l  
compactor. The l a s t  15 cm of s o i l  was hand packed to  avoid pulverizaizi.on. 
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The o u t e r  b i n s  of l y s ime te r s  1 and 2 s h i f t e d  s l i g h t l y  and rubbed t h e  top  
edges of t h e  inne r  b ins .  A smal l  pry bar  was used t o  remedy t h e  problem 
and a f i n a l  c a l i b r a t i o n  was mzde on a l l  t h r e e  ly s ime te r s  (Table 4). A s  of 
t h i s  d a t e  (14 A p r i l  1981) a l l  l y s i m e t e r s  a r e  working as we l l  as t h e  day 
they  were i n i t i a l l y  i n s t a l l e d  i n  December 1960. 

22* S e r i a l  Cereal  

The second consecut ive  year oE a s taggered  p l an t ing  da t e lwa te r  s t r e s s  
experiment i n  wheat was concluded i n  May 1980, This  r e p o r t  w i l l  provide a 
b r i e f  overview of these  experiments,  termed S e r i a l  Cereal  I and S e r i a l  
Ce rea l  I T  t o  r e f e r  t o  p l an t ing  d a t e s  w i th in  the  978-79 and 197 
season,  respecCive1y. F i r s t  broad r e sea rch  o b j e c t i v e s  w i l l  be o u t l i n e d  and 
d e t a i l s  sf t h e  experimental  des ign  and t h e  types of agronomic, rneteorologi- 
c a l  and remote sens ing  measurements a r e  descr ibed ,  Pre l iminary  r e s u l t s ,  
which w i l l  s e rve  as a b a s i s  f o r  more d e t a i l e d  a n a l y s i s  i n  t h e  coming year ,  
w i l l  be presentede  

Research Obiec t ives  

S e r i a l  Cerea l  1 and I T  were designed t o  provide a cont inuous cropping 
experiment wherein it w u l d  be p o s s i b l e  t o  acqu i r e  an e x t e n s i v e  d a t a  base 
of  r e f l e c t e d  m u l t i s p e c t r a l  and emi t ted  thermal  r a d i a t i o n  from wheat 
canopies  o f  varying biomass l e v e l s  and s t a g e s  of growth. Th i s  was deemed 
necessary  t o  a s s e s s  t h e  u t i l i t y  of va r ious  remote sens ing  t echn iques  i n  t h e  
d e t e c t i o n  of water s t r e s s  under vary ing  seasonal  c l i m a t i c  c o n d i t i o n s *  It 
would a l s o  enable  s epa ra t ion  of seasonally-induced changes i n  remotely- 
sensed informat ion  from those caused by d i f f e r i n g  phenolagica l  growth 
s t a g e s  and canopy d e n s i t i e s o  

Among t h e  secondary o b j ~ c t s l v e s  of t h e s e  experiments,  we sought a s o l u t i o n  
t o  t h e  p a r t i a l  canopy problem which complicates  t h e  i n t e r p r e t a t g o n  of down- 
ward viewing thermal scanner d a t a  from a i r c r a f t  and s a t e l l i t e s *  fJe have 
shown t h a t  p l an t  temperatures  a r e  s e n s i t i v e  i n d i c a t o r s  of water  s t r e s s  and 
t h u s  a r e  u s e f u l  i n  t h e  scheduling of i r r l g a t t o n s  and p r e d i c t i o n  of yields . .  
Yet under less than f u l l  canopy cover condi t ions ,  background s o i l  tem- 
p e r a t u r e s  a l s o  c o n t r i b u t e  t o  t h e  r a d i a n t  energy measured by in s t rumen t s  
viewing i n  a n a d i r  d i r e c t i o n s  I f  uncorrected f o r  the  r a d i a n t  energy 
rece ived  from s o i l s ,  t h e s e  temperatures  would lead  t o  s e r i o u s  e r r o r s  i n  
e s t i m a t i o n  of p l an t  s t r e s s .  

Radiant  temperatures  and r e f l e c t e d  v i s i b l e  and near-IR l i g h t  are s t r o n g l y  
dependent upon the  b i d i r e c t i o n a l  p r o p e r t i e s  oE a crop canopye These in  
t u r n ,  are e func t ion  oE canopy geometry and row o r i e n t a t i o n .  S e r i a l  Ce rea l  
I and T I  provided us  wi th  a s  many a s  f i v e  d i f f e r e n t  s t a g e s  of growth a t  
s e v e r a l  d i f f e r e n t  water s t r e s s  l e v e l s  whlch could be compared s imulta-  
neously under the  same i l l u m i n a t i o n  ang le s*  On t e n  s e p a r a t e  d a t e s  dur ing  
t h e s e  experiments the  d i u r n a l  course of s p e c t r a l  r e f l e c t a n c e  was measured 
f o r  each p l an t ing  da t e .  
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Spectral reflectance measurements were made over each plot beginning at 
planting and continuing until the vegetation reached senescence, using a 
4-band hand-held Exotech Model 100-A radiometer. This instrument has band- 
pass characteristics similar to the nultispectral scanner (MSS) on board 
LANDSATs 1, 2 and 3 (i.e*, MSS4, 0.5 to 0.6 m; MSS5, 0.6 to 0.7 pm; MSS6, 
0.7 to 0.8 w; and MSS7, 0,8 to 1.1 pm). During SC I, measurements were 
made as oEten as three times per day: 1) at solar noon; 2) at 0930 h MST; 
and 3) at a nominal solar elevation of 33". During SC 11 measurements were 
made at 1) a solar elevation oE 33" and 2) at 1340-1400 h MST, the time of 
oblique and down radiant plant temperature measurements. The data collec- 
tion routine consisted of frequent measurements of a horizontally posi- 
tioned Bas04 reflectance panel, a measurement of wet and dry soil radiances 
and a series of measurements over each of the experimental wheat plots. 

Basic plant parameters were measured during both experiments. Plant 
density was determined by enumeration of seedlings in the pre-designated 
harvest areas, and also at the time of harvest by digging up clumps of 
plants and carefully teasing apart the roots of individual plants. 
Throughout the season, six plants were sampled at random, twice a week from 
destructive sampling areas indicated in Fig. 5. The main stem of each 
plant was staged according to the Feekes scale, the number of live stems 
counted and the total length of the plant from the soil surface line to the 
tip of the longest mainstem leaf was measured. After obtaining a wet 
weight on the above ground plant parts, the total number of expanded, 350% 
green plant leaves .was determined. The green leaf area was t't~en measured 
on an optically-integrating area meter (Lambda Instruments Corporation, 
Model LI--3100, 1*0 mm2 resolution), followed by green stem area and the 
brown stem and leaf area combined. Green and brown flag leaves were 
measured separately. Beginning with Feckes stage 9 (the ligule of the last 
leaf jusg visible, ear swollen and awns visible), the heads were dissected 
from the stem, and their wet and dry weight obtained. Then the number of 
stems greater than stage 9, stage 10.1 (mainstem ears just visible) and 
stage 10.5 (heocl above ligule, or in the case of drought-stressed plants, 
completely split through the leaf sheath) were determined. Total dry 
biomass was obtained after plants were dried in a ventilated oven at 70°C 
for a minimum of 48 hours. Approximately 60-80 manhours per week were 
required to process 240 plants samples per week during the peak period of 
Serial Cereal I, and 40-60 manhours for 204 plants/week in Serial Cereal 
11. Plant sampling continued from emergence until one week after plants 
reached stage 11.4 (grain ripe, straw dead) - 
In a separate operation, plant heights (from the soil surface to the tip of 
the highest plant element) were ineasured -- in - sitn three times weekly. Both 
vertical and oblique photos were taken at 7-10 day intervals of the target 
areas of each plot. 

At harvest, the number of beads per m2, and threshed dry grain yield per 
m2 was determined for each of the four harvest areas within each plot 

2 (-13 n ). 
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Experimental Design 

S e r i a l  Cereal 1 and I T  were conducted on the  backyard f i e l d  p l o t s  of the  
U, S. TJater Conservation Laboratory during the 1978-79 and 1979-80 seasons& 
The labora tory  i s  located a t  Phoenix, Arizona (33'26?N, 112°01'W)e The 
S igh t  colored s o i l  is c l a s s i f i e d  an Avondale Loam (a f i n e  lciam2, mixed 
[ca lcareous] ,  hyperthermic thropic  Torrif luvent) .  

The f i e l d  layout  (Fig.. 5) enabled each plot  t o  be i r r i g a t e d  separa te ly  on 
very shor t  no t i ce  with c i t y  water (about 400 ppm t o t a l  s a l t s )  using f a y f l a t  
i r r i g a t i o n  tubing. P lo t s  averaged 176 m2 i n  s i z e  and consis ted  of destruc- 
t ive  plane: sampling a reas  and " f i n a l  harvest" areas.which were nor 
d is turbed during the growing season. Thermal. measurements were con- 
cen t ra ted  around these harvest  a reas  on both s ides  of the  E-W access  
boardwalk* Reflectance aeasurements were r e s t r i c t e d  t o  designate 
a r e a s  wi th in  the  harvesP: a reas  on the  south s ide  of the  boardwalk ( labeled  
EX i n  Figa 5 ) *  This minimized the p o s s i b i l i t y  of shadow i n t e r f e r e n c e  with 
t h e  observations.  During S e r i a l  Cereal T I  the  two t a r g e t  a reas  i n  each 
p l o t  were doubled i n  s i z e  t o  1 x 3 me A neutron access tube (JC i n  Fig. 5 )  
was posi t ioned i n  the cen er of each p lo t  (18" south of the  boardwalk) 
during SC 1 and l e f t  i n  pos i t ion  f o r  the following year ss experiment. S o i l  
moisture measurements by the  neutron s c a t t e r i n g  technique were made th ree  
times a week i n  20-ca increments t o  a depth of 160 cm. Each p lo t  was a l s o  
instrumented with a net  radiometer and an inverted pyranometer at a height  
of 150 cm above the  s o i l  surface.  Air temperatures were measured a t  150 cm 
and 15 cm; s o i l  temperatures a t  -2 em and -5 cme Incoming s o l a r  r ad ia t ion ,  
wind speed and d i rec t ion ,  and vapor pressure at 150 cm (LiCl dewcell) were 
measured a t  one loca t ion  f o r  the  e n t i r e  f i e l d .  PleteoroLogical parameters 
were scanned a t  the  r a t e  of 2 per second by an automatic da ta  logger 
located  i n  a cabin a t  the nor th  edge of the  f i e l d .  The mean values f o r  
each parameter at the  end of each 20-minute period were recorded on a 
magnetic d i sk  v i a  real-time hoolct~p t o  a computer located i n  the  main 
l abora to ry  building,  

Thermal I R  measurements were made every non-raining workday between 1340 
and 1400 h (MST) using a Telatemp AG-42 infrared thermometer (hO FoO.Vop 
10-5 - 1z05 vm)- During SC I, four  measurements (two viewing exs t ,  two 
west) were averaged f o r  each subplot.  The thermometer was held so  t h a t  i t  
viewed each canopy obliquely (ca 30" from the hor izonta l )  and a t  r i g h t  
angles  t o  the  M-S row d l r e c t i o n e  This minimized the e f f e c t  of background 
s o i l  tcmperattnres when canopy cover was less than 100%. 

During SC 11 %he measurement rou t ine  -was expanded to  include e ight  r e p e t i -  
t i o n s  of the  oblique temperature obscwar ion (4 e a s t ,  4 west) .  Xn add i t ion  
a 20° F,O.V,  i n f ra red  tEzerrnoneter (Barnes PRT-5) was used i n  a nadir-  
or iented  fashion i n  both the  SE and SIJ t a r g e t  areas  (12 measurements per 
p l o t ) ,  Th i s  was t o  simulate temperature which might be obtained from a 
scanning devfce on board a i r c r a f t  o r  s a t e l l i t e s -  Cal ibra t ions  of each 
i n f r a r e d  thermometer were performed every 3-6 weeks on a precis ion labora- 
to ry  c a l i 5 r a t i o n  device; a rout ine  2-temperature c a l i b r a t i o n  check w a s  
performed before and a f t e r  each s e t  of f i e l d  measurements* 
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Agronomic Resu l t s  

Table 5 summarizes t he  c u l t u r a l  ope ra t ions  r a i n f a l l  and i r r i g a t i o n  amounts 
f o r  both experiments.  During S e r i a l  Cereal  I, f i e l d  p r e p a r a t i o n  cons i s t ed  
of p r e - i r r i g a t i n g  t h e  e n t i r e  f i e l d ,  then f e r t i l i z i n g ,  c u l t i v a ~ i n g  and 
p l a n t i n g  a north-south border  (e.ge, 1A, lB, l C ,  1D) by t r a c t o r  on the  
i n d i c a t e d  da te .  Instruments  were i n s t a l l e d  i n  2-4 days and t h e  c rop  irri- 
ga t ed  up. P l o t s  were r o t o t i l l e d  and p lan ted  by a s i n g l e  wheeled manual 
p l a n t e r  ( u s u a l l y  4 weeks a f t e r  a p r e i r r i g a t i o n )  during t h e  second 
experiment* This  was t o  avoid t r a c t o r  compaction of t h e  s o i l  and e l i n i n a t e  
t h e  need t o  r e p o s i t i o n  t h e  meteoro logica l  instruments  and neu t ron  acces s  
t u b e s -  P l o t s  were g e n e r a l l y  i r r i g a t e d  wi th in  24 hours a f t e r  p l an t ing .  

Seeds were p lan ted  at a depth  of 2 cm i n  north-south o r i e n t e d  rows- No 
h e r b i c i d e s  were used dur ing  t h e  experiments;  when requi red ,  weeding was 
accomplished by hand- h t o t a l  of 37 sepa ra t e  p l o t s  of Produra wheat 
(T r i t i cum a e s t i v u a  Desf e var Produra) were planted a t  t e n  d a t e s  from 31 
October 1978 u n t i l  6 February 1980 (Table 5). A 23 August 1979 p l a n t i n g  
was at tempted i n  p l o t s  l A ,  1B and l C ,  but  emergence was so  poor it was - 

r e p l a n t e d  dur ing  l a t e  September 1979., 

I r r i g a t i o n  scheduling was accomplished by a v a r i e t y  of methods, i nc lud ing  
t h e  volumetr ic  s o i l  mois ture  con ten t s ,  t h e  stress degree day concept  and 
t r a d i t i o n a l  ca lendar  scheduling.  Ea r ly  i n  ehe growing per iod  we ass igned  a 
wet ,  a d ry  and two in t e rmed ia t e  l e v e l s  t o  p l o t s  of given p l a n t i n g  d a t e -  
Typ ica l ly  t h e  wet p l o t  rece ived  what we considered an  optimum water  supply-  
S ince  we were most i n t e r e s t e d  i n  a simultaneous comparison of wel l-vatered 
and drought -s t ressed  p l o t s  we of t e n  timed i r r i g a t i o n s  t o  ach ieve  t h a t  goa l  .. 
I n d i v i d u a l  p l o t s  were usua l ly  i r r i g a t e d  sepa ra t e ly ,  w i th  8-12 cm of water  
be ing  app l i ed  a t  each i r r i g a t i o n *  P l o t s  received d i f f e r i n g  amounts of 
i r r i g a t i o n  water and r a i n f a l l  t o t a l i n g  21 t o  100 cm of v a t e r .  

P l a n t i n g  d a t e  5 ( S e r i a l  Cereal  I )  rece ived  a g r e a t  d e a l  more water than  
u s u a l l y  r equ i r ed  t o  grow a crop of wheat* A s  many as E l  i r r l g a t i o n s  were 
g iven  t o  t hese  ploLs i n  an at tempt  t o  promote s tand  e s t ab l i shmen t  and f i l l  
g r a i n  k e r n e l s  dur ing  t h e  hot  s p r i n g  and summer months. 

The l eng th  of time f o r  t h e  c rops  t o  complete t h e i r  L i f e  c y c l e s  when p lan tcd  
a t  d i f f e r e n t  d a t e s  i s  shown i n  F igures  6. The extreme l e f t  of each bar  
corresponds t o  the d a t e  of p l an t ing .  A l t e rna t ing  segments of t h e  bar -  
d e s i g n a t e  the d u r a t i o n  of each major developmental per iod based on t h e  
Peelces s c a l e  of wheat phenology (Lfirge 2954)- From l e f t  t o  r i g h t  t h e s e  
are: 1 )  p l a n t i n g  to .  emergence; 2) t i l l e r i n g ;  3) s t e m  e x t e n s t i o n ;  4) 
heading; 5) f lowering;  and 6) r i pen ing*  The small  t i c  marks a long  t h e  
upper margin of each bar  r ep re sen t  t iming of i r r i g a t i o n s  w i t h  r e s p e c t  t o  
phenologica l  development* Because the  normal consumptive use  of s p r i n g  
wheat i n  Cen"La1 Arizona i s  ca 60 e m  of water and s i n c e  r a i n f a 1 S  was above 
normal dur ing  the  win te r  months of both years ,  it w a s  p o s s i b l e  t o  produce 
a n  accep tab le  crop wi th  only one post-plant ing i r r i g a t i o n *  The r a i n y  
p e r i o d s  prevented the  development of drought s t r e s s  dur ing  c e r t a i n  t imes  
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d e s p i t e  our  e f f o r t s  t o  s e t  up d i f f e r e n t  l e v e l s  of s o i l  mois ture  
a v a i l a b i l i t y  tizroug s taggered  i r r i g a t i o n s .  

a i s  between 

a n  o t h e r s -  During 
each r ece ived  about 

one t o  r e c e i v e  a 
an i r r i g a t i o n  du r ing  t h e  
0% higher  t han  either 3A 

2 2 ,  Cotton 8 

In 1350, research was conducted t o  detecmin l i t y  of us ing  IR-  
thermometry for moni to r  p l a n t  water stat Ling i r r i g a t i o n s  i n  
Upland cotton* ield loca t ed  on the  
Un ive r s i t y  of oenfx*  Tt-le Water 
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Conservation Laboratory remote sensing work was designed i n  conjunction 
wi th  a pre-exist ing experiment implemented by Drs, Gene Gulnn, Jack Mauney 
and Kenneth Fry, Plant Physiologists  a t  the Vestern Cotton Research 
Laboratory a t  Phoenixs Their primary object ive  was t o  examine the  e f f e c t  
of d i f f e r e n t  e a r l y  season water management opt ions  on plant  growth and 
physiological parameters- 

Br ie f ly ,  the  experiment consisted of s i x  repetkt ions  of s i x  d i f f e r e n t  e a r l y  
season i r r i g a t i o n  treatments- The f i r s t  post-planting water app l i ca t ion  
was staggered a t  l-week i n t e r v a l s ,  beginning i n  l a t e  &fay. Treatments A and 
F were i r r i g a t e d  at  t h a t  time; treatment B, 1 week l a t e r ;  t reatment C, k 
week a f t e r  t h a t  and so  f o r t h -  though the  second i r r i g a t i o n  f o r  treatment 
F was delayed u n t i l  -mid-July, i r r i g a t i o n s  f a r  a l l  ocher treatments were 
given a t  3.4-day i n t e r v a l s  a f t e r  the f i r s t  water appl ica t ion* 

The remote sensing measuremenC rou t ine  included once-a-day (1330 
observat ions  of p lant  l ea f  and plant  canopy temperatures using a 
handheld i n f r a r e d  thermometer (10,5 - 12,5 ym 4' F*O,V.). Leaf 
pe ra tu res  were obtained by aiming the thermam t e r  a t  ind iv idua l ,  f u l l y  

ed leaves  a t  he top of the canopy. Eight measurements were averaged 
t o  ob ta in  a mean f o r  each of 12 p l o t s  (2  r epe t i t ions ,  6 t r ea tments )& 
Canopy tenpera tures  ve re  estimated from measurements taken with the  
IR-thermometer pointed obliquely towards the  crop (about 30° fromr the 
h o r i z o n t a l )  and a t  r i g h t  angles t o  the E-W oriented rows* An average of 
4-north and 4-south viewing observations w a s  taken- Routine meteorological  

so  co l l ec tedp  These included s t a r t  and f i n i s h  wet and dry bulb 
m an aspi ra ted  psychrometer held a t  a height  of 3.50 cm wiehin 

t h e  f i e l d ,  sky con i t i o n s ,  cloud type, cloud cover, haze l e v e l s ,  wind speed 
and incoming s o l a r  radia n~ Average row width and plant  height data  were 
recorded Ev ice  r ~ x 4 d . y ~  easure of canopy cover when viewed a t  an oblique 
angle  was estimated by h ng a 5 cm diameter cyl inder  a t  a r m s s  length  
point ing i t  at the  canopy a t  the  same angle a s  the  in f ra red  thermometer and 
then q u a l i t a t i v e l y  est imating the proportion of green canopy included 
within i t s  viewstng f i e l d *  PRO tographs laere taken a t  weekly i n t e r v a l s  
More d e t a i l e d  p lant  growth and physiological  measurements were conducted a t  
i n t e r v a l s  by Western Cotton Research Laboratory personnel. 

Early i n  the  season, when cot ton plants  were r e l a t i v e l y  small and canopy 
cover was sparse ,  canopy temperatures Tc were of ten  15-20°C higher than 
l e a f  temperatures TI. This was espec ia l ly  evident when the  s o i l  surface  
condi t ions  were dry; the  d i f ference  was l e s s  when s a i l s  were i n  the  i n t e r -  
mediate s tage  of drying* The d i f ference  between Tc and TI was minimal f o r  
a day o r  so EolSswing an i r r i g a t i o n .  A s  canopy cover increased l a t e r  i n  
the  season, Tc and TI were general ly within 21°C. Due t o  the  staggered 
e a r l y  i r r i g a t i o n s ,  the  date  when Tc and TI became s imi la r  was var iable .  W e  
found t h a t  it varied from the  l a s t  week i n  June to  the  t h i r d  week i n  July ,  
A t  t he  time Tc and T1 converged, aa  average plant  was 55 em high and 48 cm 
i n  width. mien viewed a t  an obl ique  angle about 90% of an in f ra red  
thermometer's f i e l d  of view had to be plant  mater ia l  before the e f f e c t  of 
background s o i l  temperatures could be ignored. Z'hus, p r i o r  t o  che t i m e  
when oblique canopy cover reaches 90%, a c t u a l  leaf  temperatures should be 
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used i n  scheduling 1 . r r iga t ions .  A s  an a l t e r n a t i v e ,  an  a lgo r i thm r e l a t i n g  
Tc t o  T1 under varying cover and s o i l  moisture cond i t i on  appears  t o  have 
some promise 

To examine whether I R  thermometry i s  f e a s i b l e  f o r  monitor ing changing 
t r e n d s  i n  c rop  ET induced by i r r i g a t i o n  cyc les ,  we transforrued t h e  T1 and 
Tc d a t a  i ~ i t o  t he  crop water stress index proposed by Idso  e t  a 1  (1980). 
F i r s t  a subse t  of Tc and T1 d a t a  was ex t r ac t ed  from t h e  e n t i r e  d a t a  base 
and a r e l a t i o n s h i p  w a s  developed between the  T1 (o r  Tc) minus a i r  tem- 
p e r a t u r e  and t h e  vapor p re s su re  d e f i c i t  (VPD) of t h e  air ,  Th i s  subse t  of 
d a t a  was s e l e c t e d  from p l o t s  known t o  be we11 watered ( i .e . ,  3 t o  9 days 
fo l lowing  an r i g a t i o n  dur ing  midseason and 3 t o  days l a t e r  i n  t he  
season)*  Fur e r  c r i t e r i a  f o r  t h e s e  d a t a  requi red  & a t  t h e r e  was no cloud 
i n t e r f e r e n c e  t h  d i r e c t  beam s o l a r  i r r a d i a n c e ,  mostly c l e a r  skies and 
r e l a t i v e  low winds* A l l  d a t a  were from p l o t s  which had reached t h e  390% 
"obl ique" canopy cover l e v e l .  

The well-watered b a s e l i n e s  c a l c u l a t e d  f o r  T,-Ta and TI-Ta v e r s u s  'VPD f o r  
c o t t o n  were: 

T l  - Ta = 0*30 - 0117 (VPD) 

where T, and T1 a r e  uncorrected f o r  canopy o r  l e a f  e m i s s i v i t y ,  T, i s  t h e  
a i r  temperacure a t  a 5 0  cm and VPD i s  expressed a s  mb vapor p re s su re  
d e f i c i t  a t  4-3-50 cm* 

The season-long t rend  of t h e  Cfr7SI based on Ti  i s  shown f o r  two represen-  
t a t i v e  t rea tments  (Fig,  9) .  Although i n  theory t h i s  index should vary  from 
0 t o  +l a s  a crop advances from well-watered to  drought -s t ressed  s t a t u s ,  i n  
p r a c t i c e  t hese  boundaries  a r e  exceeded due t o  the  inhe ren t  v a r i a b i l i t y  of 
b a s e l i n e  d a t a  (Eqn, 1 and 2) and the  v a r i a b i l i t y  about t he  upper l i m i t s  
which a low-transpir ing crop would be expected t o  a t t a i n .  Note t h a t  t h e  
CWSI fo l lows  a c y c l i c a l  p a t t e r n  t h a t  appears  synchronous wi th  i r r i g a t i o n  
e v e n t s  (arrows).  Mmost immediately fol lowing an i r r i g a t i o n  t h e  CUSf f a l l s  
t o  a minimum value  rhen climbs slowly as the  crop exhaus ts  i ts  supply of 
water* The r a t e  a t  whrich tile aL5L i n c r e a s e s  between i r r i g a t i o n s  is 
d i r e c t l y  r e l a t e d  t o  t h e  atmospheric evaporat ive demand and t h e  s i z e  of t h e  
p l a n t s *  It is  i n v e r s e l y  r e l a t e d  t o  the  amount of water  s t o r e d  i n  t h e  s o i l  
and i ts  a v a i l a b i l i t y  t o  the  p lm. t sa  I n  add i t i on ,  F igure  9 i l l u s t r a t e s  t h a t  
f o r  e a r l y  season canopies  the CWSL does not  r e t u r n  t o  low l e v e l s  fo l lowing  
i r r i g a t i o n s  even when TI i s  used i n s t e a d  of Z',* It appears  t h a t  small  co t -  
t o n  p l a n t s  a r e  more c l o s e l y  coupled t o  t h e i r  thermal microenvironment than  
l a r g e r  p l an t s .  With so niuch hot s o i l  surrounding the  p l a n t s ,  t h e  thermal  
r a d i a t i o n  probably c -ont r ibu tes  cons iderably  t o  the  energy ba lance  of i n d i -  
v i d u a l  l eaves*  Jt i s  likely t h a t  a d i f f e r e n t  b a s e l i n e  w i l l  be r e q u i r e d  f o r  
non-stressed p l a n t s  e a r l y  i n  t h e  season. 
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Severa l  a d d i t i o n a l  problems emerge when d a i l y  CWSI values as shown i n  
Figure 9 a r e  used to  schedule i r r i g a t i o n s .  F i r s t  it is not  known t o  what 
l e v e l  the  CI$ST. should be permitted t o  reach before water s t r e s s  imposes a 
y i e l d  reducing e f f e c t .  Cotton is  diEferent  from c e r t a i n  o t h e r  crops i n  
t h a t  optimum water management r equ i res  moderate amount% of stress a t  cr i t i -  
c a l  per iods  t o  ensure optimum b o l l  s e t o  Idea l ly  the  d a i l y  CWSI should be 
compared with o ther  more tedious methods of i r r i g a t i o n  scheduling which a r e  
based on p lant  physiological  measurements o r  es t imates  of a v a i l a b l e  water* 
U s e  of t h e  former i s  l imi ted  by l a r g e  day-to-day and between p l a n t  
v a r i a b i l i t y ;  the  l a t t e r  is usual ly  a point  measurement handicapped by 
assumptions of p lant  root  d i s t r i b u t i o n  and atmospheric evapora t ive  deaand* 
A second problem, perhaps not  a s  c r i t i c a l  from an opera t iona l  s tandpoint ,  
i s  whether the  r e l a t i o n s h i p  between CVSI and e s i s  is l i n e a r ,  Put 
another  way, is  a crop exh i t i n g  a OfSI of o r  2 days, as 
s t zessed  a s  one showing 0, u n i t s  f o r  only o 

The u t i l i t y  of a ClpJ I concept r equ i res  t h a t  systematic e r r o r s  i n  Che 
c o l l e c t i o n  of a t a  due t o  c a l i b r a t i o n  uncertaEnty and/or experimental tech- 
nique be kept t o  a minimum. ndom e r r o r s  a r e  more t o l e r a b l e  s i n c e  they 
tend t o  cancel  out  over a per  d of t i m e ,  One way t o  minimize t h e  e f f e c t  
of random e r r o r s  Eor i r r i g a t i o n  scheduling pur oses  is  t o  c a l c u l a t e  a 
running average or ,  a l t e r n a t i v e l y ,  t o  accumula e CXSI with E l m e  r e s e t t i n g  
i t  t o  zero at  each i r r i g a t i o n  event.  Then whe the accumulation reaches a 

2 i E  s i g n a l s  t h a t  i r r i g a t i o n  is required- This is  t h e  approach 
igure  10, where a l l  p o s i t i v e  values of WSI a r e  summed Erom one 

i r r i g a t i o n  t o  the next and t h a t  value i s  shown above each of t h e  peaks- 
Linear  r interpolat ion i s  used 3n Figure 10 t o  account f o r  missing we2kend 
da ta ,  

The i r r i g a t i o n s  i n  the Cotcan 80 experiment were scheduled on a cal.endar 
b a s i s s  Variable weather o r  crop stress measurements bad no bearing on the  
amount o r  timing. As a r e s u l t  the maximum accumulated CWSI values  a t t a i n e d  
dur ing each i r r i g a t i o n  cycle  were v a r i a b l e  a l so ,  and may r e f l e c t  the' a c t u a l  
water s t a t u s  oE t h e  crop* ased s o l e l y  on C C14SI it appears t h a t  the  s i x t h  
and possibly even the four th  i r r i g a t i o n  af p lo t  02 were too e a r l y s  On the  
o t h e r  hand the  second i r r i g a t i o n  of P lo t  P2 was c l e a r l y  delayed pas t  an 
optimum point  and was not s u f f i c i e n t  t o  e f f e c t  complete recovery* The 
t h i r d  and four th  i r r i g a t i o n  achieved recovery, but the  CXSI sum was 
s l i g h t l y  higher than the  average value  of 2.4 2 1*35  u n i t s  w e  observed i n  
c o t t o n  i r r i g a t e  a t  2-week i n t e r v a l s  from mid June t o  mid August U n t i l  
CWSI da ta  a r e  i n t e r p r e t e d  i n  t he  context  of independent measure of ghy- 
siologicaX s t a t u s  o r  growth rate a value of 2,4 n igh t  be a reasonable f i r s t  
approximation f o r  .t.rrigation scheduling, 

Re la t ive  minor but systematic e r r o r s  i n  the de ter rdnat ion  of a i r  
temperature, crop temperature o r  the  crop base l ine  ' W i l l  be magnified con- 
s i d e r a b l y  when the  CNSI is  accumulated with time, An example w i l l  s e rve  f o  
i l l u s t r a t e  t h i s  point*  Suppose a Sl°C e r r o r  is  introduced i n t o  the  
measurement of a i r  temperature due t o  an unshielded thermocouple- A t  an 
ambient temperature of 35' and a VPD of 40 mb, t h i s  w i l l  cause about 15% 
e r r o r  p e r  day. men accumulated over a 14-day i n t e r v a l  t h i s  t r a n s l a t e s  
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into 2 * 1  units of WSZ (90% of the response required to initiate an 
irrigation)* Using an inappropriately derived baseline will also result in 
errors of that magnitude- Future work will be directed towards reEinement 
of techniques and development of methodologies which eliminate systematic 
errors or at least minimize their contribution to the (XSI. Under con- 
sideration for example is an approach that would permit measurement of air 
temperature with the IR-thermometer, This would minimize the effect that 
instrument calibration error has on the plant and air temperature 
differential. 

A CWSJ was also calculated according to the energy bal-ance approach pro- 
posed by Jackson et a& (1981)- Like the Ids SI it compensates for 
changes in air vapor pressure deficit and th s ccksiderably more power- 
ful mnnagement tool rhan the conventional S The Jackson a i S I  addi- 
tionally compensates for cloudy weather by taking levels.of net r 
into accounr* Under cloudy conditlons the Ldso CWSI indleates a 
level of stress than iaight otherwise be expectedo 

Ln order to derive rhe Jackson CFlSL from Cotton 80 data a number of 
assuaptions were made to simplify the calculationsa As a first approxima- 
tion the aerodynamic resistance of the canopy was estimated to be 10 s mwl 
and the canopy diffusLon resistance of a well tered crop set equal to 
5 s m-I, This is obviously a simplification of variables which change 
dynamically with canopy development and plant maturity but, as will be 
shown laker is probably an adequate representation of a season-long 
average* Because instantaneous values of net radiation were not avai1abl.e 
For each plot a two step net radiation algorithm based on cloud cover was 

ot radiation was assumed to be 600 W mM2 on days when the sun 
cted by clouds or covered by a thin layer of cirrus* On 

completely overcast days and whenever alternate sun/shade conditions per- 
sisted due m rapidly moving cumulus clouds, net radiation was set equal to 
300 iJ mm2- 

The relationship between the Idso and Jackson WST for the entire Cotton 80 
experiment (12 subpluts x 83 days) is illustrated in Figure 11* These data 
show the range over which each fndex can be expected to vary due to crop 
stress conditions* e Idso CNSl varies from a Low of -0,s units to a 
maxim~m of 4-1-6 units, while the majority of the Jackson CWSZ points lie 
within the O +- l unit span which is predicted from energy balance 
considerationss 226s implies that the initial assuinption for ra and rc was 
a reasonable estimate. There is a good linear relation between the two 
methods of: calculating a eCISI for days when the direct beam solar is either 
unobstructed or part.iaEly obscured by thin cirrus, and on clear days borh 
indices probably contain the sane information regarding crop stress. On 
intermittent cloudy or completely overcast days though, differences in the 
two indices exist* If indeed, the Jackson G7SI more accurately reflects 
crop water status under law net radiation conditions then the Idso CWSI 
appears to underpcedicr crop stress by about 0 - 2  units. Additional work is 
needed to define which of these indices are more appropriate to use under 
cloudy condirions. 
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23* LR Thermometry i n  the  Detection of 'Western Corn Rootworm I n f e s t a t i o n s  

Thermal remote sensing techniques should prove appl icable  i n  the de tec t ion  
of any p lan t  s t r e s s ,  e i t h e r  b io log ica l  or  physical which i n t e r f e r e s  i n  the  
t r a n s f e r  of water through the  soil-plant-atmosphere continuums We have 
observed, f o r  example, t h a t  drought-stressed crops a r e  o f t en  8-10°C warmer 
than p lan t s  with an ample supply of water; leaves on co t ton  and sugarbeet 
p l a n t s  infected with c e r t a i n  root  r o t t i n g  s o i l  fungi a r e  3-5OC warmer than 
those on adjacent  healthy ind iv idua l sB .Along these same l i n e s ,  we reasoned 
t h a t  I R  thermometry should prove useful  i n  the  timely de tec t ion  of root  
pruning a c t i v i t i e s  of s o i l  insec t s .  Accordingly an experiment t o  test t h i s  
hypothesis  was planned i n  conjunction with personnel at! the  Northern Grain 
I n s e c t s  Research boratory,  AR, SEA, USDA, a t  ~ r a o k i n ~ s ,  South Dakota 
( D r *  Gerald Re Sut te r ,  Locatlon Leader). 

The primary mission of s c i e n t i s t s  at  t h a t  loca t ion  i s  t o  conduct b io log ica l  
research on the  i n t e r r e l a t i o n s h i p  of g ra in  i n s e c t s  and t h e i r  h o s t s  and t o  
provide new and improved methods. of pest  control  and management, Much of 
t h e i r  research e f f o r t  i s  d i rec ted  towards understanding the  ecology of the  
xgestern corn rootworm (IJCR), Diabrotica v i r g i f e r a  LeGonte, an important 
economic pest  of corn i n  the  Ridwest and Pla ins  s t a t e s -  They have devel- 
oped a procedure f o r  a r t i f i c i a l l y  i n f e s t i n g  large s c a l e  f i e l d  p l o t s  with 
eggs of f i e ld -co l l ec ted  FlCR beet les .  This technFque ensures a q u a n t i t a t i v e  
and uniform i n f e s t a t i o n  of an i n s e c t  pest  which because of i t s  uneven and 
e r r a t i c  C1Lstr:ihirrtSon is  d i f f i c u l t  to.  study i n  a n a t u r a l  f i e l d  s i t u a t i o n .  

An ongoing f f e l d  experimene designed t o  examine the e f f e c t s  of p lan t  den- 
s i t y  on VCR su rv iva l  appeared well-suited to test thermal I R  de tec t ion  
technrques. The ex erimental  approach consisted of a 14 May 80 plant ing of 
corn (Pioneer 3978) a t  f o u r  d i f f e r e n t  d e n s i t i e s  (withZn row p lan t  spacings 
of 15, 30, 45 and 60 cm)- The s o i l  was a l s o  innoculated at p lan t ing  with 
6?CR eggs st f i v e  r a t e s  (0, 300, 600, 900, and 1200 eggs/30 cm of row), 
This e s tab l i shed  20 treatment combinations which were rep l i ca ted  four 
times* Each treatment consisted of a s ingle  EW row of corn ca 15 m i n  
l eng th  t h a t  was separated f ron  adjacent treatments by a s i n g l e  buf fe r  row 
of a d i f f e r e n t  v a r i e t y  of corn (Sokota TS49PiF) planted a t  30 crn i n t e r v a l s .  
Row spacing was X me 

Ground-based thermal ZR neasurements were taken on 8-10 Ju ly  1980 using a 
Telatemp AT;-42 in f ra red  thermmeter (1015-12*5 urn bandpass f i l t e r ,  4' 
F,O*V.). A t  tha t  time p lan t s  were ca 120-150 m i n  he ieh t ,  row c losure  was 
not  complete, and t a s s e l i n g  was about t o  begin* KLthough sur face  s o i l  con- 
d i t i o n s  were dry, s u f f i c i e n t  s o i l  moisture remained from a 12.5 cm r a i n f a l l  
(2  weeks p r i o r )  Ehat no plants  were v i l t i n g  fron moisture s t r e s s -  The 
p lan t  densi ry  experiment was chosen fa r  in tens ive  measurements because 
p l a n t s  with the c l o s e s t  spacing were expected to  develop l i m i t i n g  s o i l  
moisture condit ions e a r l i e s t .  This, we f e l t ,  would exaggerate any t e m -  
pera ture  e f f e c t  t h a t  WCR populations would have on corn p lants .  

The data  c o l l e c t i o n  rou t ine  consisted of 5-8 measurements of s u n l i t  leaves 
near the  top of the  canopy f o r  a l l  treatments- Psychrometric measurements 
were made a t  a 1xeig"n of 150 cm within the f i e l d  boundaries* 
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On 3 J u l y ,  sky condi t ions  were acceptable f o r  taking measurements but a  
d e f e c t i v e  charger on the  J R  thermometer prevenred data  c o l l e c t i o n  i n  the  
p l a n t  dens i ty  experiment u n t i l  mid-afternoon* Limited sets of d a t a  were 
c o l l e c t e d  f o r  each p lant ing  dens i ty  a t  t reatments of 0 and 1200 eggs/30 c m  
row. The dry bulb temperature averaged 30c5'C during t h i s  time; the  vapor 
pressure  d e f i c i t  was ca 23 mb. For each da ta  set, t reatments innoculated 
wi th  1200 eggs/30 cm averaged ca 0,5'C warmer than the  cont ro ls .  This tem- 
pe ra tu re  d i f f e r e n t i a 1  was not s u f f i c i e n t  t o  d iscr iminate  between heal thy  
and i n f e s t e d  p lan t s  s ince  n a t u r a l  v a r i a b i l i t y  among the  p lan t s ,  v a r i a b i l i t y  
due t o  viewing geometry, occasional  gust  of winds and o ther  f a c t o r s  could 
r e s u l t  i n  t h i s  much temperature difference. ,  

On 10 Ju ly  the  observations were expanded t o  include two r e p e t i t i o n s ,  four 
p lan t ing  r a t e s  and f i v e  l e v e l s  of i n f e s t a t i o n .  Results  f o r  da ta  co l l ec ted  
between 1640 h and 1740 h (CDT) the  only t i m e  period of 3 during which 
c i r r u s  i n t e r f e r e n c e  with the  d i r e c t  beam i r rad ianee  was minimal a r e  shown 
i n  Table 7* When lea f  temperatures were grouped according t o  e i t h e r  
i n f e s t a t i o n  l e v e l s  o r  p lant  spacing the  means were not  s t a t i s t i c a l l y  
d i f f e r e n t .  This implies t h a t  no d i f f e r e n t i a 1  s o i l  moisture condi t ions  had 
occurred a s  a  r e s u l t  of the  d i f f e r e n t  p lan t  d e n s i t i e s *  It is poss ib le  t h a t  
t h e  buf fe r  rows which were each planted at the  same 30 cm spacing were 
buf fe r ing  the  treatments to  the  ex ten t  t h a t  d i f ferences  i n  s o i l  moisture 
had not  y e t  developed* It i s  a l s o  evident  t h a t  p lant  temperatures do no t  
appear t o  r e f l e c t  F?CR egg i n f e s t a t i o n  l e v e l s *  This was unexpected s ince  
many of the p l a n t s  i n  in fes ted  rows were "loose" i n  the  ground and required 
minimal e f f o r t  t o  p u l l  from the  s o i l -  The only p l a n t s  which showed a 3-SDC 
i n c r e a s e  i n  temperature over heal thy  p lan t s  were those which were severe ly  
"goosenecked" and shoved v i s i b l e  a l t i n g  symptomse 

We be l i eve  that a  combination oE high s o i l  moisture l e v e l s  and compensatory 
changes i n  corn p lant  water r e l a t i o n s  obscured any e f f e c t s  of WCR on p lan t  
t r a n s p i r a t i o n  and temperacure. Furthermore the  timing of our i n v e s t i g a t i o n  
may have a f fec ted  the  r e s u l t s  s ince  the  p lan t s  were beginning t o  develop a 
secondary root  network following e a r l i e r  damage by VCR. Perhaps with more 
l i m i t i n g  s o i l  moisture condi t ions  and damage i n f l i c t e d  a t  a  point  i n  crop 
phenology when compensation would not be l i k e l y ,  a  temperature d i f f e r e n c e  
would be evident*  

24, Measurement of Dew on Wheat Canopies 

An experimene: was designed to quantify the  r e l a t i o n s h i p  betweer. the  amount 
of dew present  on a wheat canopy and the observed depression of a  
s p e c t r a l l y  derived vegeta t ion  i.ndex time., the  r a t i o  of MSS 7 t o  PfSS 5 
wavebands; (0.8 t o  1.1 um)/(0.6 to  0 0 7  y~rtl] ., Plo t s  represent ing  f i v e  
d i f f e r e n t  p lant ing  da tes  of Produra wheat were se lec ted  from the S e r i a l  
Cereal  IT experiment. Each was a t  a  d i f f e r e n t  s t age  of growth and had 
varying amcunts of green biomass* On 19 March 1980 two t a r g e t  a r e a s  with 
canopies which appeared v i s i b l y  very s imi la r  were designed wi th in  each 
p l o t :  on the  f i r s t ,  dew was expected to  form the  following morning, the  
second was t o  remain dewless a s  a  consequence of 2 x 2 m, opaque "dew-out" 
s h e l t e r s  posi t ioned about 50 cm above the  canopy top and a l t e r i n g  the  down- 
wel l ing  thermal r a d i a t i o n  regime during the  night .  
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The s h e l t e r s  were removed s h o r t l y  a f t e r  dawn on 20 March and s p e c t r a l  
neasurements using an Exotech Pfodel 100-A hand-held radiometer were made 
over both t a r g e t s  i n  each p lo t  beginning at 0700 h and repeated at  13 
i n t e r v a l s  during the  day. . A t  0630 and at hourly i n t e r v a l s  thexeaf t e r ,  
e s t ima tes  of the  amount of n a t u r a l  dew on a represen ta t ive  sample from each 
p l o t  were derived by harves t ing  t h e  above ground vegeta t ion ,  gen t ly  t rans-  
f e r r i n g  it t o  a t a red  p l a s t i c  bag and weighing it. Then rega rd less  of the  
amount of dew present ,  each sample was b lo t t ed  dry f o r  the same amount of 
time (7  minutes) and reweighed. Since the  l ea f  area  index f o r  each canopy 
was known, it was poss ib le  t o  c a l c u l a t e  the  ground a rea  subtended by the  
sample by measuring i t s  l ea f  area .  Then the dew per square meter da ta  w a s  
converted t o  dew dens i ty  by d iv id ing by the  height  of the  l e a f  por t ion  of 
t h e  canopy- h t i s s u e  water l o s s  f a c t o r  ( i * e - ,  the  "dew densi ty"  observed 
during the  7-minute processing of a sample without dew) was sub t rac ted  from 
each valuee  

The n a t u r a l  dew dens i ty  is  shown f o r  each of the  p l o t s  i n  Figure  12- 
Curves through the  da ta  po in t s  were drawn by eye, The da ta  show t h a t  dew 
accumulation was g r e a t e s t  on the  p l o t  with the  h ighes t  green l e a f  a r e a  
index (4B), and tapered off  gradually with advancing phenological  age and 
decreas ing green l ea f  area. P lo t  5B is an apparent exception. However, 
i t s  canopy height  was about one-third t h a t  of the  o the r  p l o t s  and increased 
dew dens i ty  nay be a r e s u l t  of d i f f e r e n t  micrometeorological condi t ions ,  
The inc rease  i n  dew dens i ty  at 0730 h i n  p l o t s  413 and 53 was confirmed 
v i s u a l l y  and on photographs, Dew d i s s i p a t i o n  followed t i m e  t r ends  t h a t  a r e  
t y p i c a l  of l a t e  winter  3s Arizona with most not iceable  dew disappear ing  
s h o r t l y  a f t e r  0900 he 

Spec t ra l  da ta  f o r  the  cont ro l  (3B East with dew out s h e l t e r )  and treatment 
a r e a s  (3B West, n a t u r a l  dew i n  the  morning), a r e  shown i n  Figure 13. Note 
t h a t  the  s c a l e  f o r  t h e  west subplot  has been s h i f t e d  upwards ca  1,50 u n i t s ,  
an  alignment required to  normalize the  subplots  f o r  s l i g h t  d i f f e r e n c e s  i n  
green biomass. The l i n e s  represent  2-point moving averages through the  
d a t a  and the t rends  shown f o r  3B a r e  representa t ive  of those  observed i n  
o the r  p lo t s .  The area  having na tu ra l  dew formation i n  the  morning (313 
West) e x h i b i t s  a lower fR/red r a t i o  than the  cont ro l .  In  t h e  af ternoon an 
a r t i f i c i a l  dew condi t ion  was crea ted  i n  313 e a s t  by mis t ing  the  canopy with 
water 5-10 minutes p r i o r  t o  each s e t  of readings* This caused a s i m i l a r  
depression i n  the  r a t i o o  In both the  n a t u r a l  and a r t i f i c i a l  dew cases ,  the  
change induced i n  the XE/red r a t i o  is caused primari ly by an inc rease  i n  
red  radiance caused by the  specular  r e f l e c t i o n  from ti.ny dew drop le t s .  
When t h e  data  f o r  each subplot were al igned and the  graphic separa t ion  
l i n e o ,  the  d i f fe rence  between the  upper (dew absent)  and lower (dew 
presen t )  l i n e s  oE Figure 131 c a l c m l ~ t e d  f o r  each time period,  a p a t t e r n  
emerged t h a t  was r e l a t e d  t o  na tu ra l  dew densi ty.  Figure 14 shows t h i s  
r e l a t i o n s h i p  is l i n e a r  and appears independent of green l e a f  a r e a  and 
phenological s t age  of development. A heavy dew dens i ty  (0.4 kg mW3) 
depressed the  IR/red r a t i o  by 3 regardless  of i t s  o r i g i n a l  va lue-  By 
approximately 0930 h the  v i s i b l e  dew had almost disappeared from the  
canopies, and the  I ~ / r e d  r a t i o  had e s s e n t i a l l y  returned t o  c o n t r o l  l eve l s .  
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Thus it appears feasible to use remote spectral measurements to detect and 
quantify the formation and dissipation of dew. Dew assessment may also 
play a role in the prediction of dew-related plant diseases. In addition, 
the effects of dew on spectral vegetation indices merit serious con- 
sideration when timing aircraft or satellite data acquisitions over agri- 
cultural areas where dew phenomena occur. Failure to take dew into account 
could lead to serious errors in the estimation of agronomic parameters from 
spectral data. 

SUMMARY AND CONCLUSIONS: 

A crop water stress index was developed from the stress degree day concept 
to quantify plant stress. The index can be empirically derived by account- 
ing for both air temperature and the vapor pressure deficit of the atmos- 
phere. Additionally from energy balance considerations, theoretical upper 
and lower bounds of the canopy-air temperature differential (as a function 
of vapor pressure deficit) can be derived. The upper bound is for a dry, 
non-transpiring crop, and the lower bound is for a well-watered crop eva- 
porating at potential. The crop water stress index, from the empirical 
technique and theoretical method, is merely the distance of the data point 
(canopy-air temperature differentia1 at a 
from the lower bound divided by the total 
lower bounds. 

The crop water stress index was evaluated 
measurement of stress for comparison. It 
uniquely related to the total plant water 

given vapor pressure deficit) 
distance between the upper and 

using an independent plant 
was shown that the index is 
potential of alfalfa grown in 

two widely separated environments - Arizona and Minnesota. A similar 
relationship was developed for wheat growing in Arizona. 

In a similar vein, experiments demonstrated that the equivalence point of 
plant and air temperatures is not a universal constant in the vicinity of 
33OC, as has long been tacitly assumed to be the case for well-watered 
vegetation. Instead, it is shown that the equivalence point is a dynamic 
variable, responding to both plant and environmental factors. 

A small, portable radiometer was used to identify a nutrient deficiency in 
sugarcane under variable sunlight conditions. The ratio of reflected near 
infrared to visible red light as measured with the radiometer clearly indi- 
cated deficiencies of nitrogen but not potassium. 

A set of notes was developed to aid the beginner in hand-held radiometry. 
The electromagnetic spectrum is reviewed, and pertinent terms are defined. 
View areas of multi-band radiometers are developed to show the areas of 
coincidence of adjacent bands. The amounts of plant cover seen by radio- 
meters having different fields of view are described. Vegetation indices 
are derived and discussed. Response functions of several radiometers are 
shown and applied to spectrometer data taken over 12 wheat plots, to pro- 
vide a comparison of instruments and bands within and among instruments. 
The calculation of solar time is reviewed and applied to the calculation of 
the local time of LANYSAT satellite overpasses for any particular location 
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in the northern hemisphere* The use and misuse of hand-held infrared ther- 
mometers are discussed, and a procedure for photographic determination of 
plant cover is described. 

An experiment on cotton was conducted in the south San Joaquin Valley of 
California entirely by a farmer during the summer of 1980 to determine if 
foliage temperatures could be used to schedule irrigationse He also 
measured petiole water content frequently as he determined from previous 
research that this parameter could be used for irrigation schedu2ing. The 
data were collected by the farmer and processed by us* The crop water 
stress index follows, in an opposite fashion, the petiole water content as 
a function of timeo As the plant dehydrates, due to lack of soil moisture, 
the PWC decreases and the C%SI increases. Because 0% the limited data set 
over several irrigations the whole season pic ure 5s incompleteu Ho 
the trend is clear: the CWSI i s  reasonably well correlated with PhTC 
0.53). Also, the results show that both the average petiole water content 
(PWC), and average crop water stress index (CWSI) are good predictors of 
cotton lint yield. Additional research will be conducted in 1981 at 
Westlake Farms and at Phoenix to verify the CWST-PWC relationship and ta 
investigate how the CIdSI can be used to schedule irrigations for cotton- 

A lysimeter Evapotranspiration Micrometeorologica~ Experiment ( L E W )  was 
conducted during June and July 1980 at 11 research locations in the United 
States- The purpose of this project was to evaluate the stress-degree-day 
concept and the crop water stress index on different crops under different 
climatic regimes* Since nine of the eleven locations had precision 
weighing Lysimeters, data were collected to evaluate several evapo- 
transpiration models for comparison against lysimetric data* In addition, 
various shortwave and longwave radiation models were to be evaluated under 
the various climatic regimes. The locations varied in latitude from 26ON 
to 46ON, in longitude from 93OW to 121°fS, and in elevation from -30 m to 
3337 m, a wide range of conditions. Weather conditions were quite good and 
there was at least one completely clear day at each location. 

The trip was accomplished using a mobile van from the University of 
California, Davis, which housed all the necessary equipment and computer- 
based data acquisition system, Drs. Jerry Hatfield (UCD), Sherwood Idso 
(USWCL) and Robert Reginato (USWCL) were the data gatherers on the trip. 
All instruments were calibrated prior to and immediately following the 
9-weelc trip. h unique feature of the trip was that all data were collected 
in a nearly identical manner at all locations and Che instruments and 
setups were identical. at a11 locations- 

All the manually pbtained data have been entered in the computer so it can 
be processed in conjunction with the mierometeorological daEa. All of the 
data are currently being analyzed to meet the objectives of LETME. 

The three automatic weighing lysimeters in our backyard were refurbished. 
They were completely excavated and new horfzontal flexures were machined 
and installed as the old ones had buckled. The interiors of the three 
weighing mechanisms (coffins) were cleaned, new loadcells installed, and 
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t h e  complete system reassembled i n  place.  Proper caulk ing  and mois ture  
s e a l s  were i n s t a l l e d  t o  prevent  any moisture from e n t e r i n g  i n t o  t h e  
c o f f i n s .  The system was c a l i b r a t e d  by adding known weights on t h e  b i n  and 
no t ing  t h e  vo l t age  output  from the  l o a d c e l l .  The s tandard  e r r o r  of t h e  
estimate from t h e  r eg re s s ion  a n a l y s i s  of t h e  c a l i b r a t i o n  was 1.0000 f o r  
each of t h e  ly s ime te r s .  

Ve obta ined  a comprehensive d a t a  base from 37 experimental  Produra wheat 
p l o t s  t h a t  were p lan ted  on 10 d i f f e r e n t  d a t e s  (October 1978 through 
February 1980) and i r r i g a t e d  a t  d i f f e r e n t  t imes t o  provide s e v e r a l  l e v e l s  
of c rop  water  s t r e s s .  Routine measurements included: (1)  twice  weekly 
e s t i m a t e s  of p l a n t  growth s t age ,  l e a f  a r e a  index, biomass, e t c . ;  (23 g a i n  
y i e l d  components; (3) 20-minute obse rva t ions  of m e t ~ o r o l o g i c a l  parameters;  
(4 )  s o i l  water  conten t  es t imated  3 days per  week with a neut ron  s c a t t e r i n g  
technique;  (5)  d a i l y  r a d i a n t  crop canopy temperatures at  1340 h (MST); and 
(6)  c rop  canopy rad iance  i n  two v i s i b l e  and two near-IR r e i l e c t i v e  wave- 
bands- These d a t a  w i l l  enable  a comparison of r e f l e c t i v e  and thermal  
remote sens ing  approaches t o  t h e  d e t e c t i o n  of water s t r e s s  i n  wheat cano- 
p i e s  which d i f f e r  i n  phenology and biomass l e v e l s  e 

W e  observed f i n a l  y i e l d s  which va r i ed  from less than 25 g/m-2 f o r  p l o t s  
t h a t  v e r e  p lan ted  i n  May t o  more than  500 g/m-2 f o r  p l o t s  p lan ted  dur ing  
t h e  optimum f a l l  p l a n t i n g  window. Yie lds  were depressed whenever c rops  
were subjected t o  moisture s t r e s s  o r  encountered unusual ly low o r  high tem- 
p e r a t u r e s  dur ing  c r i t i c a l  per iods  of development ( e s p e c i a l l y  a n t h e s i s  and 
g r a i n  

Resu l t s  from a season-long c o t t o n  experiment a t  Phoenix demonstrated t h a t  
two crop  water s t r e s s  i n d l c e s  (CIJSI) der ived from r a d i a n t  l e a f  and canopy 
tempera tures  and wet and d ry  bulb temperatures  a r e  r e l a t e d  t o  c rop  water 
s t r e s s  a s  i n f e r r e d  from days s i n c e  the  last i r r i g a t i o n *  The CNSX drops t o  
a minimum fol lowing an  i r r i g a t i o n ,  then  climbs s t e a d i l y  a s  s t r e s s  develops 
p r i o r  t o  t h e  next  water  app l i ca t ion .  A comparison of l e a f  (TR) and Canopy 
(Tc) tempera tures  showed t h a t  a 10-3-5°C discrepancy may e x i s t  between 
T g  and Tc e a r l y  i n  t he  season due t o  the inf luence  of ho t  d ry  s o i l  on t h e  
la t te r  temperacure. P r i o r  t o  t he  time when 90% of an i n f r a r e d  
thermometer 's  f i e l d  of view i s  p l a n t  m a t e r i a l ,  a c t u a l  l e a f  tempera tures  
should be csed f o r  i n f e r r i n g  p l a n t  water  s t r e s s -  

R e s u l t s  of a pre l iminary  s tudy  t o  i n v e s t i g a t e  t h e  u t i l i t y  of IR thermometry 
i n  t h e  e a r l y  d e t e c t i o n  of western corn  rootworm i n f e s t a t i o n s  a t  Rrookings, 
South Dakota, were non-conclusive- The r o o t  pruning a c t i v i t i e s  oE t h i s  
i n s e c t  was expect& t o  impede the  pZnntPs a b i l i t y  t o  e x t r a c t  water  Zrom t h e  
s o i l ,  t hus  l i m i t i n g  t r a n s p i r a t i o n  and causing an inc rease  i n  p l a n t  l e a f  
temperature.  Our r e s u l t s  showed t h a t  corn growing Zn s o i l s  which had been 
i n f e s t e d  wi th  corn rootworm eggs a t  r a t e s  of 300, 600, 900, and 1200 
eggs/30 cm had l e a f  temperatures  which did not d i f f e r  from the  c o n t r o l s .  
The i n v e s t i g a t i o n ,  however, was conducted over a s e v e r a l  day per iod  j u s t  
p r i o r  t o  t a s s e l i n g .  The roo t  pruning a c t i v i t y  oE t h e  l a r v a e  may have 
passed i t  peak and the  p l a n t s  were beginning t o  compensate f o r  e a r l i e r  
damage by developing a secondary roo t  network. I n  add i t i on ,  because s o i l  
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moisture conditions were relatively high, plants with a limited root net- 
work may have been able to extract sufficient water to meet environmental 
demand. A longer term investigation t~ith different levels of soil moisture 
will probably be required to determine if IT? thermometry has any value in 
the early detection of rootworm infestations- 

A study was conducted at Phoenix, Arizona to document the difference in 
spectral radiance from a wheat canopy with natural dew formation and an 
adjacent portion of that canopy on which the formation of dew was minimized 
by a removable opaque shelter. We observed that dew decreased the IR/Red 
vegetation index by increasing the specular reflection of red light from 
tiny water droplets on leaf surfaces. The amount by. which the vegetation 
index is decreased is linearly related to the density of dew on the canopy. 
It is not dependent upon the green leaf area or stage of growth- 
multitemporal sequence of spectral measurements can be used to quantify the 
formation and dissipation of dew for disease prediction and energy balance 
studies. The effects of dew should also be considered when timing data 
acquisition in dew prone areas. Failure to take dew effects into account 
could lead to misidentification of agricultural targets or erroneous 
interpretation of a crop's agronomic parameters* 

PEKSOBHEL: Re J. Reginato, R- Do Jackson, S. BU Xdso, P e  J. Pinterp Jr,, ---- 
fl. M. Paluska, Re S. Seay, J- MI Pritchard, H. Lo Mastin, 
PB Flowers 
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TABLE 1. Westlake Farms i r r i g a t i o n  schedule f o r  Acala co t ton  experimental 
p l o t s .  

P l o t  Preplant  1 2  3 4 5  
8 TRT Jan 80 24 Jun 80 

FJe t 

Dry 

Med 

Dry 

Xed 

Dry 

Wet 

Wet 

Me d  

15 J u l  

22 J u l  

19 J u l  

22 J u l  

19 J u l  

22 J u l  

15 J u l  

15 J u l  

19 J u l  

30 J u l  

08 Aug 

04 Aug 

08 Aug 

04 Aug 

08 Aug 

30 J u l  

30 J u l  

04 Aug 

12 Aug 

- 

19 Aug 

- 
19 Aug 

- 
12 Aug 

12  Aug 

19 Aug 

0 1  Sep 

- 
... 

- 
- 
- 

01  Sep 

0 1  Sep 

- 
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TABLE 2. LElXE locations and crops 

ELEVATION LYSIMETER OTHEZ 
LOCATION LATITUDE LONGITUDE _ (m) CROP CROPS . 

Brawley 

Neslaco 

Temple 

Manhattan 

Lincoln 

Madison 

St. Paul. 

Fargo 

Sidney 

Reartooth 

C A 

TX 

TX 

KS 

NE 

WI 

MN 

ND 

MT 

Pass I E  

Twin Palls ID 

Davis C A 

Cotton 

Bare Soil 

Sorghum 

Sorghum, 
Millet 

Soybeans 

Not 
Functioning 

Alfalfa 

Soybeans 

Dead meat 

None 

Alfalfa 

Toma to 

Bare Soil 

Corn 

Sugatbeets 

83-5 alfa, 
Sunflower, 
Bromegrass 

None 

Wheat , 
Barley, 
Flax, 
Soybeans, 
Oats, 
Bare Soil 

Alfalfa 
Bare Soil 

Sugarbeets, 
Alfalfa, 

Spring %?heat 

Alpine Meadow 

Beans 

Bare Soil 
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TABLE 3. LE'RlE Sensors and Frequency of Measurements 

SENSOR LOCATION FREQUENCY OF MEASUREMENT 

Recorded by computer 

Direct Itorma1 Incidence Top of Van (3 m) I minute continuously 
Pyronometer with 4 f ileers 

. Global pyronometer 11 6 11 I. 

Diffuse pyronome ter 1, I* 0. 

Ultravjolet radiometer ., 8' 

Total radiation, Swissleco I. I* 

Air temperature 

Deu point 

Wind speed 

IJinct direction 

Dry bulb temperature 

?let bulb temperature 

Wind speed 

Net radiatjon 

Reflected solar radiation 

Manually recorded 

30,130 cm above 
lysimeter crop 

Canopy temperature with In lysimeters and 
infrared tl~ermometer other fields 

Dry bulb temperature Near lysimeters and 
other fields 

Barometric pressure In van 

Visual weather 
observations 

Near lysimeters 

Lysirceter weight At lysimeter 

Variable from 10-45 nin 
sunrise to sunset 
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TABLE 4. Lys ine t e r  c a l i b r a t i o n s  a f t e r  r e p a i r s  (26 January 1981) and 
i n s t a l l a t i o n  i n  Eield 

LOAD CELL OUTPUT (MV) 

'Weight on Bin Lysimeter Lysimeter Lysimeter 

(kg) /i 1 111 2 83 

Slope (kg/mv)* -1.57215 -1.59060 -1,55497 

r2  0. 99999 0.99998 0.99999 

* 1 kg water  spread on t he  l y s i n e t e r  (1 m2) i s  equiva len t  t o  1 nnn water  
depth.  
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Table 5. C u l t u r a l  o p e r a t i o n s ,  r a i n f a l l  and i r r i g a t i o n s  ) 

I r r i g a t i o n s  
P r e p l a n t  

Plant ing= Seeding F e r t i l i z e r  Pos t  ~ o s  r 
Rate kg/ha Rain P r e p l a n r  P l a n t  P l a n t  Aiount 

P l o t  Calendar J u l i a n  kg/ha N P  (cm) Date  No. ( c d  

1A 
1B 
1C 
1D 

2A 
2B 
2C 
2D 

3A 
3B 
3C 
3D 

4A 
4B 
4c 
4D 

58 
Sf, 
5 C  
5n 

3 1  Oct 78 

13 Dec 78 

1 3  Feb 79 

1 5  Nar 79 

1 Nay 79 

28 Sep 79 

22 Oct 79 

1 4  Kov 79 
1 5  Nov 79 

1 8  Dec 79 

6 Feb 80 
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Table 6. Agronomic Parameters 

P l a n t  Heads Seeds 1000 Seed F i n a l  Yield 
P l a n t i n g  Densi ty  Per Per W t .  grn-2 Dry Ut , 

P l o t  Date Emerg- Harvest P lan t  Head (8) +SD 
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Table 7. The influence of different infestation levels of WCR and 
plant density on the radiant temperatures of corn leaves 
prior to tasseling. Data were collected from 1643-1740h 
(CDT) on 10 July 80; air temperature was 33.h°C, vapor 
pressure deficit vas 25.5 mb. 

Infestation n 
eggs/30 cn 

Average 
Temperature S.E. 

("C) 

Plant 
Spacing 

(cfl) 

Temperature 
n ("C) 
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e PETIOLE WATER CONTENT 
+GW9141D90 st al.1 
ACWSI(3ACKSOM at  a!.) 

WET 

25 30 G I 0  k5 20 25 30 4 9 14 19 24 
JUNE JULY AUGUST 

ATE 1984) 

Fig, X. P e t i o k  water contenk and crap water stxess index 
plotted as a function of t2me for three irrigation 
rreatqent s ,  
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Fig, 2. Foliage-air temperature vs vapor pressure deficit - 
for hell-watered cot tort - 
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Fig. 3. Rela t ionsh ip  between t w o  crop water stress fndices and p e t i o l e  water 
contenf f o r  cotton, 
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F i g .  4 .  Yield oE l i n t  c o t t o n  crop w a t e r  s t r e s s  index f o r  
1980 gr-owing season and y s p e t i o l e  water  c o n t e n t  f o r  
1977 and 1980 seasons .  

15 0 
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cabin 8 
tank 

. F1 ELD LAYOUT ' 

S E R I A L  CEREAL I - S U B P L O T  

North 

10 m 

Sca 1 e 

. S E R I A L  C E R E A L  I t  - SUBPLOT 

Fig.  5. IJater Conscr vation Laboratory backyard Eicld and p l o t  
l a y o u t  f o r  t h e  1979-1980 s e r i a l  c e r ea l  wheat cxperi.ments. 
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SERIAL CEREAL I 

1 9 7 8  - 1 9 7 9  

SERIAL CEREAL l i  
1 A 1 9 7 9  - 1 9 8 0  

1 !J 

1 C 

Fig. 6. The developmental dura t ion of Produra wheat p lanted  a t  t e n  
d i f f e r e n t  d a t e s  durjng S e r i a l  Cereal I & I1 experiments. 
The al ternatr ing hor izon ta l  segments of each bar  r e p r e s e n t s  
t h e  duraCi.on of s~zccess ive  phenologfcal s t a g e s  ( see  t e x t ) .  
Tick marks above b a r s  i n d i c a t e  i r r i g a t i o n s .  R a i n f a l l  i s  
represented by v e r t i c a l  l i n e s  along t h e  lower axis. 
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Fig .  

60 S T N  MTE:ISION 

10 

2 0  

60 
HEADIWG AXD RGU&RIXG 

10 

20 

SEP OCT SOV DEC JAN B E 3  ZW1. APR ,w J b j  JUl, .4KC 

PATE OF STAGE X N I T I A T Z O N  

?OO 

I S 0  

LOO 

5 0 
SEP O C I  SOV D E C  JA:f F E B  XhR A P R  HAY JUX JUL A C C  

7 .  The  d u r a t i o n  of major phenologica l  s t a g e s  v e r s u s  t h e  
observed d a t e  of  s t a g e  i n i t i a t i o n .  Symbols: T r i a n g l e s  - 
S e r i a l  Cerea l  I; c i r c l e s  - S e r i a l  Cerea l  11. 
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A B C D  A B C D  ~ 8 c n  A B C O  a s c o  
PLOT 1 PLOT 1 PLOT 3 PLOT 4 PLOT 5 

- 
lu 

SERIAL CEREAL I I 

1979 -. 1 9 8 0  

.. 
SERIAL CEREAL I 

1378 - 1979 

A B C  A B C  A B C  A B C D  A B C D  

PLOT 1 PLOT 2 PLOT 3 PLOT 4 PLOT S 

F i g .  8. Dry grain yield (-I- 1 SD) and total water received by each 
plot i n  Serial. Cereal I & 11. 
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3 

L 
al 
U 
9 

8-5 

V) 
3 1 
V 

0 
cn 
0 - 0 

-1 
12s 275 

JULXAN DAY 

J U L l f t N  DAY 

Fig. 9. Daily crop water stress index for two cotton irrigation 
treatments during 3980, Irrigations are represen~ed by 
arrows along the upper ax i s .  
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J I JL  I A N  CAY 
PJP 

*. . r x g .  10. Acculilulated p o s i t i v e  v a l u e s  o f  the crop  w a t e r  stress i n d e x  
. f o r  two i r r i g a t i o n  t r e a t n ~ e r t t s  i n  1980. T o t 2 1  accurnulated 
at the t f n r  o f  i r r i g a t i o n  a r e  s l~ovn  above each peak.  
Accumulations were r e s e t  t o  ze ro  a t  each i r r i g a t i o n ,  
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COTLEAFAIR 

IDSO CWSf 

Fig. 11. The r e l a t i o n  between the crop water s t r e s s  .index ca l cu la t ed  
by the theore t i ca l  approach of Jackson c t  al. and the  
empirical approach of Xdso e t  a'l. Symbols represent condi t ion  
o f  d i rec t  bean inso lat ion  (0 - c l ear ;  - p a r t i a l  c i r r u s  in.  
d i rec t  beam; A - in t ern i t t en t  sun and shade from cumulus 
clouds; V - complete overcast) .  
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Fig. 1 2 .  The d e n s i t y  of n a t u r a l  dew on u n s h e l t e r e d  p o r t i o n  
o f  each p l o t  v e r s u s  t i m e .  I n s e t  documents canopy 
c h a r a c t e r i s t i c s .  
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30 

0 38 EAST 

a 38 WEST 
25 

20 

F i g ,  13. The d i u r n a l  change i n  a spectral ly-derived v e g e t a t i o n  index 
( the  r a t i o  of Band 7 t o  Band 5) showing t h e  e f f e c t  of n a t u r a l  
dew i n  t h e  morning on 30 West and a r t i f i c a l ,  dew i n  t h e  
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Fig.  1 4 .  T h e  rel.at5on between dew densi ty  and t h e  depress ion i n  
the  vegeta t ion index. 
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TITLE: CARBON DIOXIDE ANALYSIS WITH A MODIFIED INFRARED GAS ABSORPTION 
TECHNIQUE 

NRP : 20760 CRIS WORK UNTT: 5510-020760-004 

INTRODUCTION: 

The gas chromatographic method t h a t  has been used a t  t h i s  l a b o r a t o r y  f o r  
602 a n a l y s i s  based on thermocouple d e t e c t i o n  had a  s e n s i t i v i t y  of 25 ppm 
and was not  adequate  f o r  t h e  C02 s o i l  f l u x  and po r t ab l e  f i e l d  photosynthe- 
sis chamber i n v e s t i g a t i o n .  An o rde r  of magnitude inc rease  i n  s e n s i t i v i t y  
w i t h  s i m i l a r  small-volume sample s i z e  c a p a b i l i t y  was requi red .  Thus, an 
i n f r a r e d  gas ana lyze r  system was i n v e s t i g a t e d  t o  s e e  whether s u i t a b l e  
mod i f i ca t ion  could be made t o  provide a n a l y t i c a l  accuracy meet ing our  
r e s e a r c h  needs. 

PROCEDURE : 

The system descr ibed  by Clegg, Su l l i van  and E a s t i n  (1978) was used as a 
b a s i s  f o r  developing our C02 ana lyzer .  The dual  column i n f r a r e d  gas  
anaZyzer (Beckman Model 315B) was modified t o  permit c a r r i e r  gas  t o  flow 
through one d e t e c t o r  tube  i n t o  another ,  The p r i n c i p l e  of o p e r a t i o n  is 
s i n i l a r  t o  t h a t  of t he  gas  chromatograph, but  t h e  abso rp t ion  column is no t  
used. A s  shown i n  F igure  1, n i t r o g e n  gas was f i r s t  passed through an 
a s c a r i t e  absorber  t o  remove any C02 contaminant i n  t h e  N2, a flowmeter 
( f low r a t e  2 0.9 l i t e r l m i n ) ,  and a drying tube conta in ing  magnesium 
p e r c h l o r a t e  and i n t o  one-half of t h e  dual-tube i n f r a r e d  d e t e c t o r  system* 
The gas then was d i r e c t e d  through an e l e c t r i c a l l y  a c t i v a t e d  gas  sampling 
v a l v e  (Car le ,  Hodel 4200 va lve  a c t u a t o r )  and i n j e c t i o n  p o r t  b e f o r e  con- 
t i n u i n g  through t h e  second i n f r a r e d  d e t e c t o r  tube and out i n t o  t h e  
atmosphere. The p o r t  could be used f o r  in t roducing  samples w i t h  a gas 
s y r i n g e -  The va lve  provided a way t o  i n j e c t  h ighly  r ep roduc ib l e  gas  
volume. By a t t a c h i n g  d i f f e r e n t  loop s i z e s ,  t h e  sample volume could be 
v a r i e d .  The gas flow system was d i f f e r e n t  from t h a t  of Clegg e t  a l e ,  i n  
t h a t  we used a s i n g l e  s t ream through the  two d e t e c t o r s ,  whereas t hey  s p l i t  
t h e  gas  s t r e a n  t o  g e t  s e p a r a t e  flows i n t o  the  two d e t e c t o r s .  The same 
c a r r i e r  gas flow r a t e  i n t o  t h e  dua l  tubes  was d i f f i c u l t  t o  a t t a i n  wi th  t h e  
changes we made i n  our system, so  t h a t  t h e  a l t e r n a t e  s i n g l e  f low system 
was used. 

The output  s i g n a l  from the  gas ana lyzer  ampl i f i e r  was taken on a  c h a r t  
r eco rde r  (Leeds & R'orthrup, Model "H," Azar) using the 0 t o  10 mV range. 

For c a l i b r a t i o n  of t h e  ana lyze r ,  d i f f e r e n t  volumes (1 t o  5 m l )  of a 
s tandard  C02 gas were i n j e c t e d  i n t o  the  system and the  output  recorded.  
Each i n c r e n e n t a l  volume conta iaed  a  propor t iona l  amount of CO2. 
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RESULTS AND DISCUSSION: 

The calibration curve derived from the standard reference gas is presented 
in Figure 2. The output was linearly related to the sample volume or in 
this case the concentration of CO2. As illustrated in the figure, the 
sensitivity of the analyzer amplifier was adjusted to get approximately 75 
chart units (or 7.5 mV) with the 5 m l  sample volume. Thus one recorder 
division represented 5 ppm COZ. Further increase in sensitivity was 
obtained by adjusting sensitivity full scale on the recorder so that it 
gave 100 units, in which case 1 chart division represented 3.8 ppm. 
Another method for increasing sensitivity was to change the recorder range 
from 0 to 10 mV to 0 to 5 mV in which case one recorder unit represented 
one-half the concentration of the higher voltage seIection range- As an 
example the 5 ppm per division at the 0 to 10 mV would become 2,5 ppm per 
division at the 0 to 5 mV setting. 

The 7.5 mV output for the 5 mll samples volume is not a fixed setting. 
Thus, 7.5 mV output could be obtained with a 1-, 2- or 3-1 sample volume 
by proper adjustment of the "sensitivity" selector. 

Instrument response was rapid following sample injection. This was in the 
order of 10 to 15 seconds so that individual samples could be run easily 
at one-minute intervals* 

An infrared gas analyzer system suitable for measuring C02 in small sample 
volumes taken from soil flux and photosynthesis studies was set up. 
Rapid, successive sample analyses could be achieved because of the fast: 
response and recovery of the analyzer system. 

REFERENCES : - 
Clegg, M- D., Sullivan, C. Ye, and Eastin, J. D. 1978. A sensitive 

technique for the rapid measurement of carbon dioxide concentration. 
Plant Physiol. 62:924-926+ 
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Figure 1. Schematic diagram of infrared gas analyzer system for 
measuring small volumes of C02-containing gases, 
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Figure  2. Ca l ib ra t ion  curve r e l a t i n g  recorder  output .  t o  amount: 
of r e fe rence  C02 gas  introduced i n t o  t h e  ana2yzer. 
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TITLE: IIETERblINATION OF CARBON DIOXIDE FLUX FRO14 SOIL 

YRP: 20760 GRIS \JOIIE= UNIT: 5510-20760-004 

INTRODUCTION: - 
h knowledge of t h e  carbon d ioxide  f l u x  from t h e  s o i l  i s  an  impor tan t  p a r t  
i n  unders tanding  the  carbon ba lance  of n a t u r a l  and crop product ion  
systems. For t he  es tab l i shment  oE a complete carbon d ioxide  budget,  t h e  
s o i l  C02 f l u x  must he obta ined  s e p a r a t e l y  (Monteith e t  a l e ,  l964)*  
Seve ra l  methods have been devised f o r  measuring GO2 'and s i m i l a r l y  N20 
f l u x e s  us ing  e i t h e r  t h e  open-chamber o r  close-chamber technique (Kanemasu 
c t  al., 1974; Matthias  e t  a l e ,  1980; Ryden et a l . ,  1980; Hutchinson and 
Kosier,  1979). I n  t h e  flow-through, open-chamber system, d i f f e r e n t  f l u x e s  
have been observed depending on whether t h e  sampling gas s t ream was blown 
i n t o  o r  sucked out of t h e  enclosure.  The major shortcoming of t h e  c losed  
chamber system is  t h e  bui ldup a i t h  t i m e  of t h e  d i f f u s i n g  gases  w i t h i n  t h e  
sampling chamber t h n t  a f f e c t s  t he  f l u x  measurement un le s s  a p p r o p r i a t e  pro- 
cedures  a r e  taken t o  c o r r e c t  f o r  t h i s  behavior* When t h e  sampling t ime i s  
held s h o r t  enough, however, reasonable  e s t ima te s  of t he  gas  f l u x  can be 
made 

Equipment was b u i l t  and techniques developed f o r  ana lyz ing  smal l  volumes 
oE COz a s  a means of determining C02 f l u x e s  i n  semi and a r i d  zone s o i l s  
tinder i r r i g a t i o n .  

NATERIAL AND PROCEDURE: 

A 10-cn high,  c y l i n d r i c a l  chamber was b u i l t  from polyvinyl  c h l a r i d e  pipe 
wi th  0.9 cm w a l l  t h i ckness  and 20.1 cm i n s i d e  diameter ,  The bottom of the  
c y l i n d e r  was tapered so t h a t  i t  could be dr iven  i n t o  the  s o i l .  "Snap-on" 
type  hinged locks  were placed on t h e  upper ou t s ide  edge of t he  c y l i n d e r  so 
t h a t  a 10.2 Chick, 21+5 cm dtameter c i r c u l a r  l i d  made from P l e x i g l a s s  
could  be cp ick ly  secured over t h e  chamber. Rubber gaske t  was glued t o  the  
l i d  t o  provide an a i r - t i g h t  s e a l  between the  l i d  and cy l inde r .  Serum caps 
were f i t t e d  on the  l i d  through p re -d r i l l ed  holes  so  t h a t  t h e  a i r  i n  t h e  
enclosed chamber could be sampled wi th  gas- t igh t  hypodermic sy r inges .  

The carbon d ioxide  gas was analyzed wi th  a d i f f e r e n t i a l  type  i n f r a r e d  ana- 
l y z e r  (Becknan Model 315A).. The a n a l y t i c a l  procedure used Isas similar t o  
t h a t  descr ibed  by C h g g  e t  al.. (1978). The technique was modif ied t o  
i n c l u d e  a gas sampling va lve  designed f o r  gas chromatographic equipment so 
t h a t  r ep roduc ib l e  gas  sample volumes could be i n j e c t e d  i n t o  the  flow 
stream. Volumes of 1 t o  10 m l  could be used by s e l e c t i n g  the  app ropr i a t e  
sampling loop. Predried n i t r o g e n  gas a t  900 &/hr  was used a s  t h e  c a r r i e r  
gas .  The equipment w a s  c a l i b r a t e d  a i t h  s tandard  r e fe rence  C02 gas  
mixtures .  Analysis  coulcl be made t o  k 5  ppm. a# 

For f i e l d  use,  t he  sampling chamber was i n s t a l l e d  onto t h e  s o i l  so  t h a t  a 
5 cm d i s t a n c e  (h = 5 cm) between the  s o i l  s u r f a c e  and the  top  of t h e  
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chamber was obta ined* An i n i t i a l  5 ml. gas sample was taken j u s t  as the  
c y l i n d e r  was being f i t t e d  i n t o  the  cy l inde r  top and a d d i t i o n a l  samples 
taken  from t h e  i n n e r  chamber through t h e  l i d  a t  0 -5  min i n t e r v a l s *  The 
sampled gas mixtures  were taken t o  t h e  l abo ra to ry  f o r  C 0 2  ana lyses .  

A thermocouple sensor  was f i t t e d  on the  s o i l  su r f ace  and w i t h i n  t h e  
sampling chamber t o  monitor  s o i l  temperature.  a p p l i c a b l e ,  g rav i -  
m e t r i c  water  con ten t s  were determined i n  1 c m  increments t o  20 .  cm. The 
s i t e  selec.tec1 f o r  tile equipment t e s t i n g  was loca t ed  w i t h i n  a 4-month-old 
guayule f i e l d  where t h e  s o i l  was e s s e n t i a l l y  bare - 
RESULTS AND DISCUSSION: 

Typ ica l  C 0 2  concen t r a t ion  changes wi th  time f o r  the  va r ious  s i t e s  w i t h  
d i f f e r e n t  water  con ten t s  a r e  shown i n  Figure 1. Samples a t  sites coded 
Al, B 1  and C l  were taken i n  t h e  e a r l y  morning (Table I) at 0630 and 0700, 
and C 3  was taken a t  t h e  same s i t e  a s  C1, but  a t  1230 i n  t h e  a f te rnoon.  
The p l o t  of t h e  d a t a  shows a l i n e a r  r e l a t i o n  between time and C 0 2  
c o n c e n t r a t i o n  i n  t he  chamber w i t h i n  t h e  t h r e e  t o  f i v e  minute e l apsed  time 
a f t e r  t h e  c y l i n d e r  was enclosed. S t a t i s t i c a l  ana lyses  oE t h e s e  cu rves  
u s ing  a f i n a l  t i m e  of t h r e e  minutes show a good l i n e a r  f i t *  The s lope ,  
t h e  change i n  t he  GO2 concen t r a t e  wi th  t i m e ,  was used t o  c a l c u l a t e  t h e  
f l u x  us ing  t h e  simple r e l a t i o n  presented by Kimball (1978) 

where h i s  the  average he ight  of t h e  sampling chamber above t h e  s o i l o  
Th i s  d e r i v a t i o n  a l s o  assumed t h a t  the inc rease  i n  CO2 w i t h i n  t h e  sampling 
chamber has a n e g l i g i b l e  e f f e c t  i n  t h e  C 0 2  concen t r a t ion  g r a d i e n t  w i t h i n  
t h e  s o i l .  An e lapsed  time of one minute gave s i m i l a r  . r e s u l t s ,  but  because 
of on ly  t h r e e  d a t a  po in t s  t o  ana lyze  the  d a t a  t h e  ana lyses  was no t  h e a v i l y  
r e l i e d  upon. 

The lower C52 f l u x e s  were a s s o c i a t e d  wi th  the  lower s o i l  water  con ten t s ;  
and where mic rob ia l  a c t i v i t y  i s  the  predominant source of so i l -de r ived  CO2, 
microb5al  a c t i v i t y  would be Low a t  such water conten ts .  The C 0 2  f l u x  
inc reased  d rama t i ca l ly  as the  s i te  was i r r i g a t e d  (sample D-3) ,  and indi -  
c a t i n g  r ap id  i n c r e a s e  i n  mic rob ia l  C 0 2  product ion.  

A s imple  and r ap id  method f o r  determining carbon d ioxide  f l u x e s  from s o i l  - 

was developed. Flux measurements could be made one t o  t h r e e  minutes  a f  ter 
t h e  sampling chamber was i n s t a l l e d .  The equipment could be used under 
v a r i o u s  s o i l  mois ture  condi  Lions, even while  i r r i g a t i o n  was i n  progress .  
These f l u x  measurements should provide information on t h e  e v o l u t i o n  of 
C 0 2  under n a t u r a l  and i r r i g a t e d  condi t ions .  
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Table I. C02 fluxes at different sites with varying water content and 
sampling time. 

linear 
Sampling correlation Flux Temp Avg . Water 

Site time . coefficient (mg/m2/h) air soil content 

* Site just being irrigated. 
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Figure 1. Carbon dioxide changes with time i n  sampling chamber. 
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TITLE: EVALUATION OF C02-ENRICHED, UNVENTILATED, SOUR-HEATED GREEHHOUSES 

NRP : 20760 CRIS WORK UNIT: 5510-20760-004 

INTRODUCTION: 

The benefits from growing plants in unventilated greenhouses are poten- 
rially very large- The greenhouse cover slows the loss of water, so plants 
can be grown in arid regions. High light intensity and long duration of 
sunshine in such regions are conducive to high crop yields, particularly 
when the greenhouses are enriched with CO2" t here fore, this project was 
started with the objectives: 1. to design, test, and evaluate coolers for 
unventilated greenhouses under summertime conditions; 2. to design, test, 
and evaluate methods of solar energy storage as a means to achieve satis- 
factory heating in wintertime and cooling in summertime of unventilated 
greenhouses; 3. to evaluate the yield responses attainable with C02 
enrichment in unventilated greenhouses; and 4. to evaluate alternative 
sources of CO2 for fertilizer* 

Over the past 3 years, several experimental crops of tomatoes were grown in 
conventional ventilated, ambient C02 greenhouses and in unventilated, 
CO2-enriched greenhouseso The yields from these experiments were generaly 
higher than reported by previous workers- The yields of spring crops from 
its unventilated houses enriched to 3.000 p1/1 C02 were about 14 lcg/plant, 
which apparently is a record- The unventilated, CO2-enriched houses 
yielded 20-50% more than the conventional with spring crops but not with 
fall crops. 

The yield experiments fulfill objective 3, at least for tomatoes- 
Therefore, the emphasis has shifted tovard objectives 2 and 1 with the eva- 
luation of the solar energy storage and coolers being done by computer 
model. Additional experimental data are being obtained for use in model 
verification. Some of these data for I. an unheated, uncooled greenhouse, 
2. a convenSional greenhouse, 3. a solar greenhouse with passive water 
storage, and 4. a solar greenhouse with active water storage are presented 
in this report. 

PREDICTIOM OF SKY TFIERMAZ RtlUIATION 

The greenhouse computer model used in-this project: as well as most computer 
mndcls of energy-related structures or crops need to know the amount of 
thermal radiationaemitCed from the sky, which on a daily basis can exceed 
the amount of solar radiation. Thermal radiation is not recorded by the 
National Weather Service, and therefore it must be predicted from the data 
they do record. Idso (1980) previously developed equations for predicting 
thermal radiation for clear skies using air temperature and vapor pressure. 
Bujlding on his clear sky equations, a mathematical model for predicting 
thermal radiation from cloudy skies was developed. 
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Che model used previous clear-sky equat ions  f o r  p r e d i c t i n g  f u l l  spectrum 
sky emi t tance  and 8-14 pm atmospheric window t r ansmi t t ance ,  and then  
xssumes t h a t  t h e  cloud c o n t r i b u t i o n  t o  sky thermal r a d i a t i o n  must be 
t r ansmi t t ed  t o  t he  e a r t h ' s  s u r f a c e  through t h e  atmospheric window. The 
nodel u ses  s u r f a c e  vapor pressure ,  s u r f a c e  temperature,  c loud amount, cloud 
type, and cloud he igh t  d a t a  a s  recorded by National  Weather Se rv i ce  
3bservers .  Using t h e  model, upper l i m i t s  of t h e  cloud c o n t r i b u t i o n  t o  sky 
r a d i a t i o n  were der ived ,  For Phoenix, Arizona, t h e  upper l i m i t  was about a 
50X i n c r e a s e  f o r  100% sky cover ,  The average predic ted  i n c r e a s e  due t o  
zlouds f o r  t imes  i n  1978 wi th  100% sky cover was about 18%. 

bc tua l  measure e n t s  of sky tilerma r a d i a t i o n  were made i n  Phoenix and i n  
Sidney, Montana, f o r  a wide range  of weather condtions,  and t h e s e  measure- 
nents  were compared t o  model p r e d i c t i o n s  computed from N?S d a t a  f o r  
corresponding t imes-  Agreement between r e d i c t e d  and measured v a l u e s  was I good. On an hour ly  b a s i s ,  t h e  o v e r a l l  R w a s  0,89 and t h e  l i n e a r  
r e g r e s s i o n  s l o p e  was 0.99. On a d a i l y  t o t a l  b a s i s ,  t h e  o v e r a l l  lX2 was 0.94 
and t h e  s l o p e  was 0,97. Agreement was a c t u a l l y  b e t t e r  under p a r t l y  cloudy 
s k i e s  t han  under c l e a r  s k i e s *  Under ove rcas t  s k i e s ,  t h e  agreement was 
poorer ,  bu t  t he  temperature range represented  by t h e  d a t a  was smal le r .  

PREDICTION OF SOLAR MDIATIBN 

A s  w i th  sky thermal  r a d i a t i o n ,  s o l a r  r a d i a t i o n  is not  r o u t i n e l y  measured by 
a l l  Nat iona l  &!eather Serv ice  s t a t i o n s ,  and t h e r e f o r e ,  it must be p red ic t ed  
f o r  u se  i n  t h e  greenhouse model, as we l l  as f o r  use  i n  many o t h e r  models i n  
many o t h e r  f i e l d s .  A s  recommended by t h e  ASImE Task Group on Energy 
Requirements f o r  Heating and Cooling (1975), t h e  s o l a r  r a d i a t i o n  model of 
Kimura and Stephenson (1969) was chosen. Using sun ang le  equa t tuns ,  ,sky 
cover  a s  recorded by the  NWS, and geographical  "c learness"  numbers, t h e i r  
model can be used t o  p r e d i c t  t o t a l  and d i f f u s e  s o l a r  r a d i a t i o n  on s u r f a c e s  
w i t h  any tilt angle.  

To t e s t  t h e  accuracy of t h e  Kimura and Stephenson s o l a r  r a d i a t i o n  model, 
~ o m p a r ~ s o n s  were made between predic ted  and measured va lues  f o r  a horizon- 
t a l  s u r f a c e  f o r  s e l e c t e d  t imes during 1978 i n  Phoenix. The hour ly  va lues  
a r e  presented  i n  F igures  1, 2 and 3 f o r  c l e a r ,  p a r t l y  cloudy, and ove rcas t  
s k i e s .  For c l e a r  s k i e s  t h e  agreement is  e x c e l l e n t  ( R ~  = 0.99) w i t h  t h e  
v a l u e s  c l u s t e r e d  along the  1: 1 l i n e ,  For p a r t l y  cloudy s k i e s  i t s  agreement 
i s  much worse ( R ~  oE 0,81)0 Obviously the  model can over- o r  under-predict  
by a f a c t o r  of 2 depending on whether o r  no t  t he  sun happened t o  be behind 
t h e  c louds*  For overcas t  s k i e s ,  t h e  r e l a t i v e  e r r o r  is  similar t o  t h e  
p a r t l y  cloudy s k i e s ,  b u t  t h e  abso lu t e  e r r o r  i s  q u i t e  s n a l l  a t  t h e s e  low 
r a d i a t i o n  l e v e l s .  

The comparisons between predic ted  and measured d a i l y  t o t a l  s o l a r  r a d i a t i o n  
a r e  presented  i n  F igures  4, 5, and 6. The agreement f o r  t h e  c l e a r  sky i n  
F igure  4 is  e x c e l l e n t  (n2 = 0*99).  The agreement f o r  p a r t l y  cloudy sky 
(F igu re  5) is  good (It2 = 0193),  and t h e r e  i s  cons iderably  l e s s  s c a t t e r  t han  
f o r  t h e  hour ly  va lues  (F igure  2).  There were only 5 days t h a t  were com- 
p l e t e l y  oye rcas t  i n  1978 i n  Phoenix (Figure 6). These da t a  do no t  fo l low 
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t h e  1:l l i n e ,  but  neve r the l e s s ,  t he  abso lu t e  e r r o r  i s  smal l  a t  t h e s e  low 
r a d i a t i o n  l e v e l s .  

OVERALL HSAT TRAfiSPER COEPFICIENT 

During 1978, s o i l  hea t  f l u x  G (w/m2), and the  f r a c t i o n  of each hour ,  f ,  
t h a t  t h e  e l e c t r i c a l  h e a t e r s  were on was recorded f o r  Greenhouses 2 and 3. 
These d a t a  were used t o  c a l c u l a t e  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t ,  
U (I?/zn2*6) f o r  t h e s e  f i b e r g l a s s  greenhouses. The equat ion  used t o  
c a l c u l a t e  U w a s :  

rrhere $ i s  t h e  s o i l  a r e a  (27 m2), .Ac i s  t h e  exposed cover a r e a  (42 m2 f o r  
GH 3 and 57 m2 f o r  GW 2) ,  H i s  h e a t e r  capac i ty  (W), and (Tai - TaO) is t h e  
d i f f e r e n c e  i n  temperature between t h e  i n s i d e  and o u t s i d e  a i r o  

The U va lues  f o r  n igh t t ime  hours  where Tai - Tao w a s  g r e a t e r  than  1 ° C  a r c  
p l o t t e d  i n  F igure  7 a g a i n s t  wind speed* The da t a  e x h i b i t  a s l i g h t  depen- 
dence on wind speed, bu t  t h e  c o r r e l a t i o n .  is  low ( R ~  = 0.39 f o r  Gf.1 2 and 
0,41 f o r  GI1 3) due t o  t h e  l a r g e  s c a t t e r  l4ost of t h e  d a t a  p o i n t s  a r e  above 
t h e  dashed l i n e  at 7.5, which was es t imated  us ing  gu. idel ines  proposed 
r e c e n t l y  by t h e  American Socie ty  of A g r i c u l t u r a l  Engineers S t r u c t u r e s  and 
Environment Committee 303 .  The ASfV.3 l i n e  i nc ludes  i n f i l t r a t i o n  bu t  pro- 
bably i s  based on d a t a  t h a t  included only h e a t e r  ou tput  and no s o i l  h e a t  
f l u x .  Ignor ing  s o i l  h e a t  f l u x  would br ing  the  d a t a  p o i n t s  c l o s e r  t o  t he  
ASAE l i n e c  

GREENHOUSE HERTING AND COOLING SYSTEMS 

The f i r s t  and second o b j e c t i v e s  of t h i s  p r o j e c t  a r e  concerned wirh  eva- 
l u a t i o n  of methods f o r  cool ing  and s o l a r  hea t ing  greenhouses. The primary 
t o o l  f o r  t hese  t a s k s  i s  t h e  HEB computer model. However, a s  wi th  any such 
model, a c t u a l  performance d a t a  a r e  needed t o  v a l i d a t e  the model and t o  pro- 
v i d e  va lues  f o r  some of t h e  parameters.  Therefore,  t h e  fou r  test 
greenhouses t h a t  were used f o r  t h e  previous 602 enrichment s t u d i e s  were 
modif ied t o  r e p r e s e n t  fou r  d i f f e r e n t  heating-cooling systems. 

The 27 m2 f i b e r g l a s s  greenhouses have been descr ibed i n  prev ious  r e p o r t s .  
Greenhouse 2 is  t h e  convent iona l  fan-pod cooled greenhouse w i t h  an e l e c t r i -  
c a l  hea t e r .  The coo l ing  and hea t ing  thermostats  were s e t  a t  26.5OC (80 F) 
and 15.5OC (60 F) ,  r e s p e c t i v e l y .  Greenlrouse 4 was connected t o  t h e  s o l a r  
energy s t o r a g e  water  tank  descr ibed  i n  l a s t  yea r ' s  r e p o r t .  I n  win ter t ime 
s o l a r  energy was c o l l e c t e d  from the  greenhouse whenever t he  greenhouse a i r  
t empera ture  is h ighe r  than  24°C (75 F) ,  and then when the  greenhouse tem- 
p e r a t u r e  dropped below 15-5"C (60 F) s o l a r  energy was brought back from 
s to rage .  An a u x i l l i a r y  e l e c t r i c  h e a t e r  was i n  t h e  greenhouse wi th  i t s  
thermostat: s e t  a t  1 3 O C  (55 F ) -  I n  summertime s o l a r  energy was c o l l e c t e d  
when the  greenhouse temperature exceeded 26.T°C (80 F) and then  it was 
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dumped t o  a cool ing  tower whenever t he  tank temperature exceeded t h e  out- 
door w e t  bu lb  temperature by more than  2OC a s  determined by a d i f f e r e n t i a l  
thermosta t .  The air-water  h e a t  exchanger i n  t he  greenhouse and t h e  media 
i n  t h e  coo l ing  tower were both  wetted aspen e x c e l s i o r  pods, a s  desc r ibed  i n  
t h e  1977 Annual Reporto The i n s t a l l a t i o n  of t h e  tank and a s s o c i a t e d  
plumbing and wir ing  and in s t rumen ta t ion  were completed i n  September, and 
d a t a  were c o l l e c t e d  from Greenhouses 2 and 4 from about  t h e  f i r s t  of 
October. 

A f t e r  t he  "ac t ive"  s o l a r  hea t ing  system was i n s t a l l e d  on Greenhouse 4 ,  576 
1-gal lon p l a s t i c  b o t t l e s  were f i l l e d  wi th  water and s tacked  i n  Greenhouse 1 
t o  make a "passive" s o l a  Tng system- The t o t a l  volume of water w a s  
2.2 m3 o r  0-081 m3 of water per  m2 of greenhouse, T'he o v e r a l l  dimensions 
of t h e  s t a c k  were 1.3 rn wide by 1.9 m long by 2-0 m h igh  = 4.9 m3, so  45% 
of t h e  s t a c k  was water .  About 8% of t h e  s t a c k  volume was wood suppor t ing  
s t r u c t u r e  l eav ing  47% a i r ,  Neglect ing t h e  bottoms and the  caps ,  t h e  h e a t  
exchange a r e a  per  b o t t l e  was 1270 cm2* Some of t h e  b o t t l e s  touched one 
ano the r  decreas ing  t h e  hea t  exchange a r e a  by an es t imated  20%, s o  the  t o t a l  
h e a t  exchange a r e a  was about 59 m2* 

Greenhouse 3 was an unheated and uncooled c o n t r o l  greenhouse. Data co l l ec -  
t i o n  from Greenhouses 1 and 3 s t a r t e d  on about 1 December. 

The energy use r e s u l t s  f o r  convent ional  Greenhouse 2 a r e  p re sen ted  i n  
F igu re  8. There was a r a t h e r  abrupt  change from summer t o  winEer i n  1980 
on 15 October. Abnormally warm f a l l  weather suddenly y i e lded  t o  a cold 
f r o n t .  T h i s  can be seen  i n  F igure  8 when t h e  energ consuned by t h e  f a n  
and pump f o r  t h e  evapora t ive  dropped from 1.5 Kl m-$ daye1 t o  about  0.2, 
w h i l e  h e a t e r  energy use  went from 0.0 t o  1$0 overn ight .  Even more dramatic  
i n  F igure  2 i s  t h e  change i n  s o l a r  energy while  c l o s e d o  During t h e  f i r s t  
h a l f  of October, about 1.0 plJ r n ~ ~  day-l was received o u t s i d e  wh i l e  t h e  
greenhouse was unven t i l a t ed ,  and then it changed t o  about  14 as t h e  coo le r  
weather  made i t  unnecessary t o  v e n t i l a t e  the  greenhouse more than  a few 
hours  each day. December was unusual ly  mild and only about  7 M J  mm2 day-1 
of h e a t e r  energy w a s  r equ i r ed  per  day compared t o  10 i n  t he  p a s t  years .  

The energy use  r e s u l t s  f o r  a c t i v e  s o l a r  Greenhouse 4 are presented  i n  
F igure  Q 0  No v e n t i l a t i o n  o r  a u x i l l i a r y  h e a t  were r equ i r ed  i n  Greenhouse 4 .  
The s o l a r  c o l l e c t e d  d a t a  were conputed from p o s i t i v e  tempera ture  changes of 
t h e  s o l a r  tank water ,  whi le  t h e  s o l a r  used d a t a  were computed from nega t ive  
changes- During t h e  f i r s t  h a l f  of O c t ~ b e r  while  t h e  coo l ing  tower was i n  
o p e r a t i o n ,  t h e s e  data were very  e r r a t i c *  Some of t h e  mi lder  recorded tem- 
p e r a t u r e  changes occurred a t  t h e  time of s t a r t i n g  and s topp ing  of t h e  
coo l ing  tower, so e v i d e n t l y  t h e  tank l a y e r s  were not  w e l l  mixed and c e r t a i n  
t h e r r n o c o u p ? ~ ~ ~  were a f f e c t e d  more than o thers .  An elbow w i l l  be placed i n  
t h e  d i scha rge  p ipes  LO be s u r e  t h a t  the  water r e t u r n i n g  t o  t h e  tank  from 
t h e  coo l ing  tower o r  greenhouse i s  d i r e c t e d  away from the  tank  temperature 
s enso r s .  
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The s o l a r  system provided 100% of t h e  hea t ing  requirement f o r  t h i s  mild 
win te r .  The e l e c t r i c  power r equ i r ed  f o r  t he  fan  and pump amounted t o  about 
1 / 3  t o  1 /2  t h a t  r equ i r ed  by t h e  h e a t e r  i n  Greenhouse 2 ,  This  i s  a s i g n i f i -  
c a n t  energy savings ,  bu t  one must remember t h a t  t h e  pumps and f a n  i n  t h e  
s o l a r  system r e q u i r e  e l e c t r i c i t y ,  whereas t h e  hea t e r  i n  Greenhouse 2 could 
have used a cheaper form of energy than e l e c t r i c i t y *  Eowever, t h e  s i z i n g  
of t h e  components i n  t h e  a c t i v e  s o l a r  system probably i s  no t  op t imal ,  and 
t h e s e  d a t a  a r e  f o r  v a l i d a t i o n  of t h e  computer model. 

The a i r  temperatures  f o r  Greenhouses 2 and 4 are presented i n  F igu res  10 
and llo These d a t a  a r e  as expected f o r  greenhouses w i th  a c t i v e  ther -  
m o s t a t i c  temperature con t ro l .  The air  temperatures  f o r  Greenhouses 3 and 1 
are presented  i n  F igures  12 and 13, and he re  t he  a i r .  temperature ranges  a r e  
much g r e a t e r *  The maxitnums of 30 t o  39 C a r e  too  high and t h e  minimums of 
4 t o  8 C a r e  too low f o r  op t imal  growth of most crops. The recorded  mini- 
mum a i r  temperatures  f o r  t h e  two greenhouses were very c l o s e  t o  t h e  o u t s i d e  
minimum, which is  puzz l ing  because one would expect  them t o  be  a l i t t l e  
warmer. 

The d a i l y  water  use by Greenhouses 2 and 4 i s  shown i n  F igure  14, as calcu-  
l a t e d  from make-up water  meter readings  f o r  t he  evapora t ive  c o o l e r  on 
Greenhouse 2 and the s o l a r  energy s t o r a g e  tank on Greenhouse 4. The 
r ead ings  were talcen at t h e  start of most working days, so some of t h e  
p o i n t s  a r e  3-day averages,  The water  use  of Greenhouse 2 was about 22 mm 
per  day for  the  f i r s t  ha l f  of October and then i t  dropped t o  about  5. This  
water was f o r  cool ing ,  as t h e r e  were no c rops  i n  t he  greenhouses.  The 
water  use f o r  Greenhouse 4 was about 35 m / d a y  f o r  t he  f i r s t  p a r t  of 
October and then i t  dropped t o  almost 0 when the  cool ing  rower was turned 
o f f  D 

GREENHOUSE; TtIERPLAL PERfi'BiWANCE ON AN I-XOURLY EASXS 

The N33B computer model performs s imula t ions  on an ins tan taneous  b a s i s ,  and 
t o  g e t  d a i l y  va lues ,  t h e s e  irxstantaneous r e s u l t s  must be i n t e g r a t e d *  For 
p r a c t i c a l  purposes t h e  time s t e p  is  expected t o  be about an hour i n  order  
t o  provide adequate  r e p r e s e n t a t i o n  of the  changing meteoro logica l  
cond i t i ons .  

To provide  d a t a  f o r  model v a l i d a t i o n  on t h i s  hourly t ime s c a l e ,  more in t en -  
s i v e  measurements were taken on 11 Decenber 1981. These measurements 
mainly cons i s t ed  of us ing  an i n f r a r e d  thermometer t o  o b t a i n  t h e  o u t e r  
cover ,  i n n e r  cover ,  wa l l ,  and s o i l  s u r f a c e  temperature i n  each of t h e  fou r  
greenhouses.  The measurements were taken manually s t a r t i n g  a t  about  25 
minutes  a f t e r  t he  start of each hour,  and about LO minutes were r equ i r ed  t o  
o b t a i n  a l l  of them- Taking t h e  measurements on the  ha l f  hour as we d id ,  
p laced  the  observa t ion  time i n  t h e  middle 01 the  averaging per iod  used by 
t h e  Autodata-9 f o r  t he  au toma t i ca l ly  acqui red  da ta .  The manual measure- 
ments were s t a r t e d  a t  0630 on I1 December 1980 and stopped a t  0730 on 
12 December. A'; about 1030 and 1400 the  sand s o i l  s u r f a c e s  were wetted 
w i t h  water  from the  hose t o  r ep re sen t  the wet su r f aces  u s u a l l y  encountered 
i n  product ion greenhousese This  may have been an unwise choice ,  however, 
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because cond i t i ons  were changing more r a p i d l y  than des i r ed  f o r  d a t a  
in tended  t o  provide a r e l i a b l e  s tandard t o  compare model r e s u l t s  a g a i n s t -  

* 
The energy use r e s u l t s  a r e  presented i n  Figure 15 f o r  convent iona l  
Greenhouse 2 and i n  F igure  16 f o r  a c t i v e  s o l a r  Greenhouse 4*  The hour ly  
r a t e s  fo l low t h e  same r e l a t i v e  p a t t e r n  a s  t he  d a i l y  r a t e s  i n  F igures  8 and 
9. Therefore ,  models t h a t  succes s fu l ly  p r e d i c t  t hese  hour ly  p a t t e r n s  can 
reasonably  be exptec ted  t o  successfulZy p r e d i c t  d a i l y  and annual  energy use 
w i t h  i n t e g r a t i o n  of t h e i r  hourly r e s u l t s c  

The s o i l ,  s i d e  wa l l ,  i n s i d e  coves ( c e i l i n g ) ,  and ou t s ide  cover  (roof 
p e r a t u r e s  t h a t  were measured "ce i n f r a r e d  thermometer a r e  p re se  

18, 19, and 20 f o r  convent ional  Greenhouse 2, a c t i v e  s o l a r  
Greenhouse 4, unheated and unceoled Greenhouse 3, and pass ive  s o l a r  
Greenhouse 1. The temperatures  gene ra l ly  seem reasonable,  except. t h a t  t h e  
d i f f e r e n c e  between i n s i d e  and ou t s ide  cover temperature seems high,  con- 
s i d e r l y  only  a t h i n  p i ece  of f i b e r g l a s s  l ies between them. Th i s  eouXd be 
p a r t i a l l y  due t o  t h e  f a c t  t h a t  t he re  i s  some r e f l e c t e d  sky r a d i a t i o n  i n  the  
o u t e r  cover  measurement, bu t  t h e r e  is  an even l a r g e r  amount of r e f l e c t e d  
s o i l  r a d i a t i o n  i n  t h e  i n s i d e  cover measurement. 

The a ir  temperature and humidity r a t i o s  i n s i d e  a l l  t he  greenhouses a s  we l l  
a s  o u t s i d e  a r e  presented  i n  Figures  21 and 22. These d a t a  were obta ined  
from psychrometers connected t o  t he  Autodata-9. The tempera tures  a l l  
appear  reasonable ,  bu t  t h e  humidity r a t i o s  f o r  Greenhouse 3 appear  
suspiciolasIy high,  particularly i n  comparison wi th  Greenhouse 1 which had 
comparably high t enpe ra tx re s*  It seems l i k e l y  that: t h e  wet bu lb  w a s  only 
p a r t i a l l y  wet ted,  e s p e c i a l l y  s i n c e  t h i s  d e f i n i t e l y  happened t o  the  psychro- 
meter i n  Greenhouse 2, No humidity r a t i o s  a r e  p l o t ~ e d  i n  F igu re  22 f o r  
Greenhouse 2 f o r  t hese  midday times. Overa l l  t hese  d a t a  From a v a r i e t y  of 
greenhouse types  should provide a good comparison f o r  t he  model 
p r e d i c t i o n s .  

SWMARY AND CONCLUSIONS : 

A mathematical model was developed f o r  p red ic t ing  thermal r a d i a t i o n  from 
cloudy s k i e s .  The model is  accu ra t e  and has a sound phys i ca l  base-  It 
uses  s u r f a c e  and sky weather da t a  r o u t i n e l y  recorded by t h e  Nat iona l  
Weather Serv ice .  The model is important because the  e a r t h ' s  s u r f a c e  
r e c e i v e s  about as much r a d i a n t  energy per day from the  sky as it  does from 
t h e  sun, azd t h e r e f o r e ,  accu ra t e  p red ic t ions  a r e  needed i n  s t u d i e s  of e a r t h  
c l i m a t e  change and crop evapo t r ansp i r a t ion  and i n  t h i s  p r o j e c t ' s  s tudy  -of 
greenhouses hea t ing  and coo l ingo  

So la r  r a d i a t i o n  d a t a  t h a t  i ~ e r e  obtained i n  1978 were reduced and compared 
t o  p r e d i c t i o n s  made w2th t h e  model of Kimura and Stephenson (1969)., The 
agreement war; e x c e l l e n t  on c l e a r  days ( R ~  = 0.99) and go on p a r t l y  cloudy 
days (It2 = 0 * 9 3 ) .  Because t h e  Hat iana l  Weather Service has n o t  r o u t i n e l y  
measured s o l a r  r a d i a t i o n ,  and because s o l a r  r a d i a t i o n  i s  a very  important  
weather i n p n t  f o r  the MZ723 computer model, an accu ra t e  p r e d i c t i o n  method i s  
necessary .  These h igh  c a r r e l a ~ i o n s  show t h a t  t h e  Kimura and Stephenson 
model w i l l  genera te  the accu ra t e  s o l a r  da t a  requi red  by the  XEB model. 
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Overa l l  hea t  t r a n s f e r  c o e f f i c i e n t s  (U)  were ca l cu la t ed  from measureaents  of 
tempera tures ,  s o i l  hea t  f l u x ,  and h e a t e r  opera t ing  times f o r  many n i g h t s  
du r ing  1978 i n  Greenhouses 2 and 3. Both greenhouses were e s s e n t i a l l y  con- 
v e n t i o n a l  f i b e r g l a s s  greenhouses a s  f a r  as t h e i r  hea t ing  systems were 
concerned. The c o e f f i c i e n t s  ranged from about 8 t o  12 U m-2 This  is 
h ighe r  than  the  7.5 va lue  r e c e n t l y  proposed a s  t h e  guide  f o r  computing hea t  
l o s s  from f i b e r g l a s s  greenhouses by t h e  ASAE SE-303 Committee, i n d i c a t i n g  
t h e i r  va lue  nay be somewhat low. 

During 1980 a n  insuLatec1 water  tank was connected t o  a d i r e c t  c o n t a c t ,  
aspen pad h e a t  exchanger i n  a t e s t  greenhouse t o  c r e a t e  an a c t i v e  s o l a r  
h e a t i n g  system- Excess so a r  energy w a s  c o l l e c t e d  dur ing  t h e  daytime and 
s t o r e d  i n  t h e  tank  f o r  "reating t h e  greenhouse a t  n i g h t ,  o r  i n  ho t  weather  
t o  dump t o  a cool ing  tower ar: n igh t .  Near the end of 1980, p l a s t i c  b o t t l e s  
of water  were s tacked  i n  another  greenhouse t o  form a pas s ive  s o l a r  hea t ing  
and coo l ing  device-  Another greenhouse w a s  conventiona1I.y hea ted  and 
cooled,  and a f o u r t h  greenhouse was not  heated o r  cooled. Energy and water  
u s e  and temperature d a t a  were obta ined  f o r  a l l  f ou r  greenhouses f o r  use i n  
v a l i d a t i n g  t h e  MEB computer model. 

The o p e r a t i o n a l  r e s u l t s  showed t h a t  the a c t i v e  s o l a r  greenhouse r equ i r ed  
about  1/3 the  energy of t h e  convent iona l  greenhouse. Elowever, t h i s  energy 
w a s  expensive e l e c t r i c a l  energy used by t h e  f an  and pump. The pas s ive  
s o l a r  greenhouse d id  not  consume any energy, bu t  t he  maximum tempera tures  
were too h igh ,  and t h e  minimums too low f o r  opt imal  growth of most crops. 
These r e s u l t s  f o r  s o l a r  greenhouses a r e  discouraging,  bu t  t h e  a c t i v e  system 
was overs lzed  f o r  experimental  reasons and the re fo re  t h e  components a r e  not 
t h e  opti~num s i z e o  Furthermore, no thermal b lankets  o r  o t h e r  energy conser- 
v a t i o n  techniques were used in. e i t h e r  greenhouse. The primary o b j e c t i v e  t o  
o b t a i n  s imultaneous d a t a  f o r  f o u r  very  d i f f e r e n t  greenhouse types  was 
achieved,  and these  d a t a  can now be compared wi th  both hour ly  and d a i l y  
model p red ic t ions .  The v a l i d a h d  greenhouse model w i l l  be used t o  eva lua t e  
t h e  f e a s i b i l i t y  of us ing  c losed  greenhouses i n  a r i d  environments t o  grow 
c rops  wi th  l i t t l e  water .  It could a l s o  be used t o  s i z e  components f o r  
op t imal  des ign  of s o l a r  hea t ing  systems* 
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Figure  1. Measured v s .  p r e d i c t e d  hour ly  s o l a r  r a d i a t i o n  f p r  
26 Jan, 23 Feb, 24 Mar, 26 Apr, 1 6  May, 11 Jun, 1 6  Aug, 
1 9  SepS 14  Oct, 16,Nov, and 20 Dec 1978. A l l  days  were 
c l e a r .  
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Figure 2 .  Measured vs. pred ic ted  hourly s o l a r  r a d i a t i o n  f o r  27 Jan, 
26 Feb, 20 Mar, 4 Apr, 25 May, 19 Rug, 16 Sep, 22 NOT, 
and 16 Dec 1978. A l l  days had about .50% cloud cover. 
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Figure  3 .  Measured vs. p red ic t ed  hour ly  s o l a r  r ad i a t50n  f o r  30 Jan ,  
28 Feb, 2 ~ a r , ' 2 0  Oct, 12  Nov, and 18 Dec 1978. A l l  days 
were ove rcas t .  
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Figure  4.  Measured vs. p r e d i c t e d  d a i l y  s o l a r  r a d i a t i o n  f o r  c l e a r  
clays i n  1978 i n  Phoenix. 
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Figure  5. Measured vs. predicted daily solar radiation f o r  partly 
cloudy days in 9978 in Phoenix, 
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F i g u r e  6. Measured vs. p red ic t ed  d a i l y  s o l a r  r a d i a t i o n  f o r  o v e r c a s t  
days i n  1978 i n  Phoenix. 
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Figure 7 .  Overal l  heat t r a n s f e r  c o e f f i c i e n t s  (U) including 
soil and peat'er energy vs.'wind speed for Green- 
houses 2 .and 3 and fur n i g h t s  i n  1978. 
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Figure  8. Energy use  i n  conventional  Greenhouse 2 i n  1980.  he 
s o l a r  c losed  p o i n t s  a r e  t he  amounts of s o l a r  energy 
r ece ived  o u t s i d e  wh i l e  t h e  greenhouse was n o t  v e n t i l a t e d  
and could have been enriched wi th  C02 .  
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-. r r g u r e  9 .  Ehergy u s e  i n  a c t i v e  s o l a r  Greenhouse 4 i n  1980. The 
greenhouse never  r equ i r ed  v e n t i l a t i o n ,  s o  the s o l a r  
o u t s i d s  p o i n t  a r e  superjmposed on t h e  s o l a r  c losed  
p o i n t s .  No a u x i l l i a r y  energy was r e q u i r e d .  
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P l g u r e  LO.  xim mum and minimum temperatures in conventional Green- 
house 2 in 1980. 
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Figure 12. Maximum and minimum temperatures  i n  unheated and 
uncooled c o n t r o l  Greenhouse 3 i n  1980. 
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Figure 13. Maximum and minimum temperatures i n  pass ive  s o l a r  
Greenhouse 1 i n  1980. 
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Figure 14. Daily water  use by the evapbrative cooler of conventional 
Greenhouse.2 and the cooling tower of unventilated, a c t i v e  
solar Greenhouse 4 .  
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Figure 15. .Energy use in convehtional Greenhouse 2 on 11-12 December 1980. 
The,solar closed points are the amounts 'of solar energy 
received while Greenhouse 2 was unventilated and cotlld have' 
been C02 enriched. . 
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Figure 16. Energy use i n  a c t i v e  so l a r  Greenhouse 4 on 11-12 December 1980. 
Greenhouse 4 did no t  requi re  ven t i l a t i on ,  s o  t h e  s o l a r  outs ide  
po in t s  a r e  superimposed on t he  s o l a r  closed poin ts .  Greenhouse 
4 did not  r equ i r e  any a u x i l l i a r y  hea t .  
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Figure 17. Soil, side wall, inside cover (ceiling), and outside cover 
(roof) temperatures in conventional Greenhouse 2 as 
measured by an infrared thermometer on 11-12 December 1980. 
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Figure 18. Soil, side wall, inside cover (ceiling), and outside cover 
(roof) temperatures in active solar Greenhouse 4 as 
measured by an infrared thermometer on 11-12 December 1980. 
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Figure 19. Soll., side wall, inside cover ( ce i l ing ) ,  and outside cover 
(roof) temperatures i u  unheated and uncooled control 
Greenhouse 3 as  measured by an infrared thermometer on 
11-12 December 1980. 
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F i g u r e  21. A i r  tenperaiivres i n s i d e  the four greenhouses and outside 
on 11-32 Dccernber 1980, 
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Figure 22.' Air humidFty r a t i o s  i n s i d e  the four greenhouses and 
outs ide  on 11-12 December 3980. 
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TITLE: MICROBIOLOGY OF SOIL AND WATER SYSTEMS FOR RENOVATION AND 
CONSERVATION OF TJATER 

P 20790 CRLS Work Unit: 5510-20790-002 

INTRODUCTSON: 

During 1980, the studies on biological aspects of nitrogen transformation 
and nitrogen removal from soil basins intermittently flooded with 
secondary sewage effluent were continued. %'his repqr sumarizes t 
results obtained on nitrification-denftrificatlan reactions in soil basins 
at the 23rd Avenue Project. 

The 23rd Avenue Project consisted of four large recharge soil basins 
(500 x 100 m) of about 10 acres that were intermittently flooded with 
secondary sewage effluent and dried, respectively, for nine days eacho 
The water deprh in the basins during flooding in both projects was about 
20 cme Soil samples were collected from each project only during the dry 
periods* Subsamples were extracted and analyzed, as soon as possible, for 
inorganic rdtrogen components with an Automatic Technicon Analyzer- Other 
subsamples were prepared for measuring the rates of denitrification and 
moisture contents. 

The acetylene inhibition method was used to quantitatively measure 
denitrification rates. The method blocks biological reduction of nitrous 
oxide to molecular nitrogen. Soil subsamples were placed in 40-1 septum 
vials and treated with about 90 pg N03-2.J/g2 since nitrification was 
inhibited by acetylene (0-1 atm)= Head space samples of 1-0 ml were 
obtained after incubation at 28 C for 24 hours and were analyzed for 
nitrous oxide with a gas chromatograph equipped with a thermal conduc- 
tivity detector. Control soil samples without nitrate-1"Jdditions were 
also analyzed. The atmosphere in the vials was ejther helium or air with 
about 0- 1 atm of acetylene. 

llEXJLTS AND DISCUSSION: 

The nitrogen transformation in the soil basins flooded with secondary 
effluent showedsa natural and expected conversion of ammonium-N to 
nitrified-N (Table 1). The nitrification rates in the summer were about 
twice those during the winter* Soil environments during the winter pro- 
moted higher denitrification rates throughout the dry period- The higher 
summer temperature (35-40 C) and faster drying conditions rapidly created 
an oxidized environment unfavorable for denitrification in the surface of 
the soil basins, but the oxidizing metabolic activity of nitrifying bac- 
teria was erhmced, During drying, nitrogen removals by denitrification 
of 21 perctnt in the winter and only 9 percent in the summer accounted for 
only a portion of the calculated total nitrogen removal of 60 percent, 
obtained during flooding and drying cycles* 
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Denitrification rates were greatest during the first two to three days of 
drying regardless of the season of the year, Soils treated with helium 
plus nitrate-N had the greatest rates of denitrification, followed by 
soils treated with air plus nitrate and air only, respectivelys The addi- 
tions of nitrate-N increased denitrification for only two to three days in 
soils treated with air, On the first day of drying, the low rates of 
denitrification in soil treated with air only resulted from the low amount 
of nitrified-N in the soil sample and the inhibition of nitrification by 
acetylenes With nitriEication inhibited, denitrification could not occur, 
so nitrate44 was added to soils treated with air and helium. The 
nitrate-N treatments were the most accurate estimates of denitrification 
rates during drying in the surEace soil (0-5 cm) of an undisturbed soil 
basin. These results have indi-cated that conditions necessary for maximum 
denitrification are present in the surface of the soil basins for only 48 
to 72 hours at the start of the dry period during either summer or winter. 
The mast important factors limiting denitrification were the rates of 
nitrification that controlled the concentration of nitrite-N and/or 
nitrate-N and the amount of the available organic carbon. The denitrifi- 
cation rates during drying in the surface 5 cm of soil accounted for only 
about 25 percent of the calculated total nitrogen removal of 60 percent. 
Thus, drarS-ng intermittent flooding and drying cycles higher rates of 
denitrification nearer the soil surface during drying and environments 
favorable for nitrification-denitrification reactions durlng flooding pro- 
vided additional nitrogen removal from the soil recharge basins* 

In conclusi.on, management practices for maximizing denitrification in the 
surface soil, in terms of percent N-removal, must either decrease the 
nitrogen applied, enhance the envtronment favorable for nitrificarion- 
denitrifjcation reaction, increase the numbers of physiologically active 
denitrifying bacteria or any combination of these practices. First, 
decrease the nitrogen applied by lowering the hydraulic head to attain 
infiltration rates of 15 cm/day or less- The N-removal should increase to 
an estimated 60 to 80%+ In effect the rates of denitrification were not 
changed, only the relative amount of nitrogen applied. Second, enhance 
the environment favorable for nitrification-denitrification reaction 
during drying by maintaining the soil surface near saturation with inter- 
mittent daily sprinkler or slug flow application of small quantities of 
sewage effluent- This would result in little nitrate movement and induce 
extended activity of denitrification in reduced micrositeso Third, 
increase the numhers physioLogical3.y active denitrifying bacteria in the 
surface soil by timely additions of organic carbon to support their growth 
and denitrifying activity. The denitrifying population must be physiolo- 
gically active to provide a denitrification rate rapid enough for complete 
N-removal- Additio~~s of organic carbon could be applied to the soil sur- 
face in the sewage effluent during the last 2 days of flooding and/or in 
application of sewage eEfluent during drying. Last, combination of the 
above practices would be necessary to maintain N-removals of 60 to 80% at 
infiltration rates of 20 to 60 cm/day. 
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SUMMARY ABD CONCLUSIONS: 

During 1980, the studies on biological aspects of nitrogen transformations 
and nitrogen removal from soil basins intermittently flooded with secon- 
dary sewage effluent were continued- Denitrification rates were measured 
in field soils with the acetylene inhibition method. The influence of 
flooding and drying cycles on the rate and duration of denitrification in 
soil basins at the 23rd Avenue Project were investigated in detail- 

During drying, the nitrogen transformation in the surface 5 cm of soil 
basins previously flooded with secondary effluent showed a natural and 
expected conversion of ammonium-N to nitrified-No Nitrification rates in 
the summer were about twice those during the winter, because of the higher 
summer temperatures that enhanced the oxidizing metabolic activity of 
nitrifying bacteria- Denitrification rates were greatest during the first 
two to three days of drying regardless of the season of the year. Soil 
environments during the winter promoted higher denitrification rates 
throughout the dry period. The higher summer temperature (35-40 C) and 
faster drying conditions rapidly created an oxidized environment 
unfavorable for denitrification in the surface soil of the basins. During 
10 days drying denitrification accounted for 21 and 9 percent nitrogen 
removal in winter and summer, respectively* These percent N-removals 
accounted for only a portion of the calculated total N-removal of 60%- 
However, higher denitrification rates nearer the soil surface (1 to 2 em) 
and environments favorable for denitrification while flooding would pro- 
vide additional K-removal during intermittent flooding and drying cycles, 
Therefore, management practices for maximizing denitriEication in the sur- 
face soil, in terms of percent N-removal, must either decrease the nitro- 
gen applied, enhance the environment favorable for nitrification- 
denitrification reaction, increase the numbers of physioZogically active 
denitrifying bacteria or any combination of these practices. 

REFERENCES : 

Bouwer, K., Mce, R. C . ,  Lance, J. C., and Gilbert, R. G. Rapid- 
infiltration sys tem for wastewater renovation and beneficial reuse, 
23rd Avenue Project, Phoen-i.~, Final Report of cooperative project 
between City of Phoenix, and U .  S. Water Conservation Laboratory, EPA 
Pro ject S-802435-01 and 01. In preparation, 

PERSONNEL : - 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Nitrogen transfornation and denitrification rates in soil 
basins intermittently flooded with secondary sewage 
effluent from 23rd Avenue Treatment ~lant.L/ 

Days Soil Nitrogen 21 Denitrification rates 3/ Water 
Dry Ammonium-N Nitrified-N He + Air 4- Air Content 

N03-N N03-N (Only) 

Winter: Oct - Nov - Dec 1979 

Summer: Jul - Aug - Sep 1980 

L! Results are data averaged from 3 and 5 dry periods during winter and 
sumner, respectively. 

2/ Soil salnples were collected, extracted and analyzed as soon as possible 
for NQ-N, EO2-N and NO3-H. Nitrified-11 was the I.~~NO~&NO~-N/~. The 
parentheses indicate the total inorganic nitrogene 

.?.I Denitrification rates were measured in soil. samples collected during 
dry periods with the acetylene inhibition method* Soil samples were 
incubated for 24 hours ia flasks containing helium or air and 0.1 atm 
oE acetylene. Bitrate N additions were equivalent to 91 pgN03-NIg 
of soil. 
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TITLE: WASTEGATER RENOVATION BY SPREADING TREATED SEWAGE FOR 
GROUNDWATER RECHARGE 

NRP : 20790 CRIS WORK UNIT: 5510-20790-003 

INTRODUCTZOX: 

The work a t  t he  23rd Avenue r a p i d - i n f i l t r a t i o n  system was cont inued i n  
1980 t o  s tudy  t h e  e f f e c t  of t h e  Lower a lgae  content  i n  t he  secondary 
e f f l u e n t  e n t e r i n g  the  i n f i l t r a t i o n  bas ins  (due t o  c o n s t r u c t i o n  of a  
bypass  c a n a l  i n  1979) on i n f i l t r a t i o n  r a t e s ,  t o  determine t h e  e f f e c t  
of  breaking  up t h e  s u r f a c e  s o i l  i n  t he  bas ins  on i n f i l t r a t i o n  r a t e ,  t o  
d e t e r n i n e  t h e  response of che groundwater t a b l e  t o  recharge ,  and t o  
e v a l u a t e  t he  q u a l i t y  of t h e  renovated water i n  r e l a t i o n  t o  t h a t  of t h e  
secondary e f f l u e n t ,  The l a t c e r  no t  only cons is ted  of t h e  r o u t i n e  
parzmeters  l i k e  n i t rogen ,  phosphorus, o rganic  carbon, salts, suspended 
s o l i d s ,  and f e c a l  c o l i f o m s ,  but  a l s o  of v i r u s e s  ( i n  coopera t ion  wi th  
Baylor  College of Hedicine) and t r a c e  organics  wi th  f i c e  Un ive r s i t y  
and StanEord Un ive r s i t y ) -  

The 23rd Avenue Treatment P l an t  s t a r t e d  t o  c h l o r i n a t e  i t s  e f f l u e n t  i n  
t h e  a i d d l e  of Novembero This  was a good oppor tuni ty  t o  s tudy  t h e  
e f f e c t  of c h l o r i n a t i o n  on t h e  type  and concent ra t ion  af t r a c e  o rgan ic s  
i n  t h e  e f f l u e n t  and i d  t h e  renovated water pumped from below t h e  
i n f i l t r a t i o n  bas ins .  Accordingly, a cooperat ive s tudy  wi th  S tanford  
Un ive r s i t y  was i n i t i a t e d -  The f i r s t  phase of t h i s  s tudy  (pre-chlor- 
i n a t t o n  cond i t i ons )  was compteted i n  t he  f a l l  of 19809 The second 
phase (pos t - ch lo r ina t ion  cond i t i ons )  w i l l  be done i n  t h e  s p r i n g  oE 
1981 * 

The wastewater renovat ion  work is  nearing completion and its scope 
w i l l  be significantly reduced a f t e r  t he  summer of 1981+ Most of t h e  
e f f m t  of the  Sttbsurface SJater Elanagement Group w i l l  then be  d i r e c t e d  
toward the  e f f e c t  of i r r i g a t e d  a g r i c u l t u r e  on recharge and q u a l i t y  of 
t h e  under ly ing  groundwater, incltrding t r anspor t  of water and chemicals 
i n  t h e  vadose zone. To g e t  some i n s i g h t  of vadose zone cond i t i ons  i n  
i r r i g a t e d  d e s e r t  v a l l e y s ,  ; o i l  samples s e r e  obtained when storm-runoff 
i n j e c t i o n  we l l s  were d r i l l e d  i n  rhe S a l t  River Valley. The s o i l  
samples were analyzed f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  water  con ten t ,  
and chemical composf t i o n  of t h e  water 

I. 23RD AVENUE PROJECT 

1. INFILTRATION 1:G'iYES 

I n f i l t r a t i o n  r a t e s  i n  1980 s t a r t e d  out on the order  of 0 e 3  m/day i n  
January  and February, us ing  a schedule of one week f lood ing  and t h r e e  
weeks dry ing  (F igures  1, 2, 3, and 4). During March and t h e  f i r s t  
h a l f  of A p r i l ,  t h e  p r o j e c t  w a s  dry t o  allow c l ean ing  of t h e  bypass 
channel  which had become clogged wi th  tumbleweeds. Burning was n o t  
ve ry  e f f e c t i v e ,  so  t h a t  ehe tumbleweeds had t o  be removed wi th  a  
grade-a l l .  
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A f t e r  t h e  long dry-up, f l ood ing  and dry ing  per iods  were s e t  a t  two 
weeks each and i n f i l t r a t i o n  r a t e s  were h igher  than be fo re ,  b u t  t h e  
average  was mostly below 0.5 mlday. This  was s t i l l  below t h e  a n t i c i -  
pa ted  r a t e  f o r  t he  s u r f a c e  " s o i l s "  i n  t h e  bas ins ,  i n d i c a t i n g  t h a t  sur-  
f a c e  c logging  o r  c r u s t i n g  s t i l l  p e r s i s t e d  (poss ib ly  r e s i d u a l  cementing 
by CaC03 d e p o s i t s  due t o  t he  algae-laden e f f l u e n t  i n  1975 and 1976). 
To break up t h e  s u r f a c e  l a y e r ,  t h e  s o i l  i n  t h e  bas ins  was r ipped  wi th  
a road grader .  Di-sking o r  c u l t i v a t i n g  was not p o s s i b l e  because of t he  
many l a r g e  rocks and boulders  i n  and on t h e  s o i l .  The r i p p i n g  t e e t h  
on t h e  g rade r  were mounted about 20 cm a p a r t  and penet ra ted  the  s o i l  
about  1 0  cmo Following t h i s  opera t ion ,  which took p l ace  i n  June f o r  
b a s i n s  2 and 3 and i n  J u l y  f o r  bas ins  I and 4, i n f i l t r a t i o n  r a t e s  were 
s o  h igh  t h a t  f i r s t  on ly  one b a s i n  could be flooded at a t h e  v i t h  t h e  
f low from the  bypass channel* Even then, t h e  inf low was noc su f -  
f i c i e n t  t o  cover t he  e n t i r e  b a s i n  and i n f i l t r a t i o n  rates had t o  be 
c a l c u l a t e d  on t h e  b a s i s  of t h e  es t imated  flooded a r e a *  I n  September 
1980, t h e  b a s i n s  could be opera ted  aga in  i n  p a i r s  and f lood ing  and 
d ry ing  per iods  aga in  were two weeks each-  The average i n f i l t r a t i o n  
r a t e s  now were on t h e  o rde r  of 1 mlday, except f o r  bas in  4, where they 
were about 0.5 mlday i n  Augus t-September-October, and about 0.25 mlday 
i n  November-December* The i n c r e a s e  i n  i n f i l t r a t i o n  rate is r e f l e c t e d  
i n  t h e  s t e e p e r  s lope  of t he  accumulated i n f i l t r a t i o n  curves  a f t e r  Ju ly  
(F igure  5)- Hydraul ic  loading  r a t e s  f o r  the  e n t i r e  year were 107 m 
f o r  bas in  1, 83 m f o r  bas in  2, 87 m f o r  bas in  3, and 49 m f o r  bas in  4-  

The average hydrau l i c  loading  of t h e  fou r  bas ins  was 82 m f o r  t h e  
e n t i r e  year .  Of t h i s  amount, however, 21 m o r  on ly  25% i n f i l t r a t e d  i n  
t h e  f i r s t  s i x  months of t h e  year -  Assuming t h a t  annual r i p p i n g  would 
produce average hydrau l i c  loading  r a t e s  of 100 mlyear, t h e  i n c r e a s e  
due t o  t h e  r i p p i n g  i s  about 40 m/year (based on previous h y d r a u l i c  
l oad ings  of 68 m/year)* The c o s t  of r i pp ing  the  four  bas ins  w a s  $870. 
Thus, t h e  c o s t  of t h e  increased  capac i ty  is  870/(40x16xl0000) - 
$0,00014 per  m3 o r  $0.14 per 1000 m3 ($0.18 per  a ~ r e f o o t ) ~  Th i s  
indeed i s  an  inexpensive way of i n c r e a s i n g  the  capac i ty  of t h e  system, 
cons ide r ing  t h a t  t h e  t o t a l  cos t  of pu t r ing  the  e f f l u e n t  i n t o  t h e  
ground and pumping i t  up as renovated water is on t h e  o rde r  of $10 per  
1000 m3 o r  ac re foo t .  

The i n f i l t r a t i o n  d a t a  i n d i c a t e d  t h a t  t h e  design hydrau l i c  l oad ing  
r a t e  can be conse rva t ive ly  es t imated  a t  90 mlyr. This  would g ive  Lhe 
16-ha r a p i d - i n f i l t r a t i o n  system a capac i ty  of 14*4 m i l l i o n  m3 per  year  
(12,000 a c r e  f e e t l y e a r )  o r  almost 40,000 m3/day (32 a c r e  f e e t l d a y ,  11 
mgd, o r  7600 gpm). Addi t iona l  hydrau l i c  loading can probably be 
ob ta ined  by i n c r e a s i n g  t h e  water  depth i n  the i n f i l t r a t i o n  b a s i n s  i n  
t h e  win ter .  Due . to t h e  lower temperatures  and reduced s u n l i g h t  
i n t e n s i t y ,  a l g a l  blooms would then be un l ike ly  and t h e  l a r g e r  depths  
could i n c r e a s e  i n f i l t r a t i o n  r a t e s -  Small water depths  should be main- 
t a i n e d  i n  t h e  r e s t  of t h e  year ,  however. To pump renovated water  from 
t h e  a q u i f e r  at the  des ign  hydrau l i c  loading r a t e  would r e q u i r e  t h r e e  
w e l l s  an t h e  c e n t e r  d ike  ( inc luding ,  and similar to ,  t he  Center  Well 
a l r e a d y  i i ; s t a l l ed ) .  The a d d i t i o n a l  we l l s  should be somewhat deeper  
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than the Center Well (100 m, f o r  example) t o  maintain s u f f i c i e n t  
capaci ty  when groundwater l e v e l s  a r e  low. 

A hydraul ic  loading r a t e  of 90 m per year would be about 14% of the  
average v e r t i c a l  hydraulic conduct iv i ty  of the s o i l  i n  the  bas ins ,  
assuming t h a t  the  i n f i l t r a t i o n  r a t e  of approximately 1.8 m/day 
obtained when the  bas ins  were f i r s t  flooded and the e f f l u e n t  advanced 
as shee t  flow over the  s o i l  was a reasonable r e f l e c t i o n  of t h e  ver- 
t i c a l  hydraulic conductivi ty of the  upper s o i l  l aye rs -  

The design hydraul ic  loading r a t e  of 90 m per year is  about four  times 
h igher  than the  r a t e  of 22 m per  year obtained i n  the period 
3.375-1976. The di f ference ,  of course, i s  due t o  the .great1y reduced 
s ~ s p m d e d  s o l i d s  (algae) content of the  e f f l u e n t  going i n t o  the  
i n f i l t r a t i o n  basins following the  completion of the bypass channel. 
The suspended s o l i d s  content  of the  e f f l u e n t  enter ing the  i n f i l t r a -  
t i o n  bas ins  through the  bypass channel genera l ly  was below 20 mg/R,  
and t h a t  of the  e f f l u e n t  leaving the  basins was o f t en  even lower- 
This i s  much less than t h e  suspen&ed s o l i d s  contents of the bas in  
inflows before const ruct ion of the  bypass channel, which were on the  
order  of 1 0  to  20 mg/R i n  the  winter  and 50 t o  100 m g / R  i n  the  summer. 
Algae still  grew i n  the i n f i l t r a t i o n  basins, but they were more of the 
types t h a t  grow on the  bottom o r  f l o a t  on the  surface,  r a t h e r  than the  
uni -ce l lu lar ,  suspended a lgae  t h a t  previously gave the  water such a 
green appearance. Thus, t h e  e f f l u e n t  warer i t s e l f  i n  the  i n f i l t r a t i o n  
%asins  remained q u i t e  c l e a r *  

2. GROUNDWATER LEVELS 

The general  s lope of the  groundwater t ab le  to  the north continued i n  
1980, a s  evidenced by the  water l e v e l s  i n  the South, Center, and North 
Kdls (Figure 6 ) *  The rise of these  water l e v e l s  i n  January and 
February 2980 was due t o  recharge from the Sa l t  EHver, which f o r  the  
t h i r d  year i n  succession was flowing f o r  the  f irst :  few months of the  
ycnr, this time a t  r a t e s  from 50 t o  50,000 m3/sece The dec l ine  of the 
~ roundwate r  l e v e l s  from March t o  August 1980 was due t o  d i s s i p a t i o n  of 
the  groundwater mound caused by recharge from the  S a l t  River and t o  
groundwater pumping from i r r i g a t i o n  wells  north of the  p ro jec t .  I n  
A7~gusc, groundwater l e v e l s  began t o  r i s e  again, probably because of 
increased i n f i l t r a t i o n  r a t e s  i n  the  basins (see  Figures 1, 2, 3, and 
4 )  and of decreased groundwater pumping f o r  i r r i g a t i o n .  The curves i n  
Figure 6 ind jca te  t h a t  the  depth of the groundwater t a b l e  below t h e  
bottom of the  recharge basins var ied  from a minilirilm of about 3 m on 
the  south s i d e  of the  p ro jec t  a t  the  end of February t o  a maximum of 
about 13 m on the nor th  s i d e  of the  projec t  i n  October. 

Groundwriter l e v e l s  i n  the  18, 24, and 30- Wells i n  the  center  of the  
p r o j e c t  were very s imi la r  (Figure 7). A s  could be expecLed, the 
groundwater l e v e l s  i n  the  18-m Ue11 were highest ,  and a l so  above the  
water l e v e l s  i n  the  Center Well, which is perforated from 30 to  55 m 
and gives rhe average hydraulic head fo r  Chat depth range. These 
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d i f f e r e n c e s  a r e  due t o  downward flow componerrts i n  t h e  c e n t e r  of t h e  
r echa rge  flow system i n  t h e  a q u i f e r .  

Temporary peaks o r  r i s e s  i n  t h e  groundwater l e v e l s  of F igures  6 and 7 
a r e  c o r r e l a t e d  wi th  f lood ing  per iods  f o r  nearby bas ins  ( b a s i n  1 f o r  
North Well, ba s ins  2 and 3 f o r  Center Well and 18-, 24-, and 30-m 
Wells,  and bas in  4 f o r  South I ? e l l ) -  The r i s e  i n  Apr i l  1980 of t h e  
water  l e v e l  i n  t h e  18-m 1.!ell was used t o  c a l c u l a t e  t he  t r a n s m i s s i v i t y  
of t h e  a q u i f c r  from groundwater recharge  theory s e e  second paragraph 
below) 

Se lec t ed  p r o f i l e s  oc groundwater l e v e l s  a c r o s s  t he  i n f L l t r a t i o n  bas ins  
o nor th  a r e  shown i n  F igure  8. The predominant ground- 

water movernent aga in  w a s  from south  t o  nor th ,  except  f o r  t h e  p r o f i l e s  
on 18 m g u s t ,  15 September, 13 December, and, t o  a l e s s e r  degree ,  11 
J u l y *  These four  prof I e s  a l l  a r e  a s soc i a t ed  with f l ood ing  of b a s i n s  
2 and 3, Since t h e s e  a s i n s  a r e  En t h e  c e n t e r  and t h e  i n f i l t r a e i o n  
r a t e s  were high fo l low ng the  r i p p i n g  of he su r f ace  s o i l  i n  cfilly, t h e  
wa te r  t a b l e  i n  t h e  c e n t e r  r o s e  h igh  enou y p i c a l  ground- 
wa te r  mound wi th  lateral  flow i n  both d i r e c t i o n s  away from t h e  c e n t e r -  

An e s t i m a t e  of a q u i f e r  t ransrnissEvity was ob ta ine  from t h e  r i s e  of 
t h e  grourzdwaixxr mound below t h e  i n f i l t r a t i o n  b a s i  s. F igu re  7 shows 
t h a t  t h e  m t e r  Level. i n  t h e  1 8 3  SJell r o s e  f ia i n  Ken days i n  t h e  
second h a l f  of A p r i l  1980, ue t o  f looding  of bas ins  2 and 3*  The 
average  i n f i l t r a t i o n  r a t e  f o r  t h e  KWO bas ins  during t h a t  per iod  was 
0-33  nilday (F igures  2 and 3 ) -  Assuming t h a t  t he  f i 1 l . ab l e  p o r o s i t y  of 
t h e  wetted vadose zone was 0,05, t h i s  y ie lded  l J (0 .33  x 1010.05) = 
0.015 f o r  tlne paratueter on t h e  o r d i n a t e  of f h n c h i  and ?Luckel 's dimen- 
s i o n l e s s  graph f o r  mound r ise  below rec t angu la r  recharge  b a s i n s  
(F igu re  8,2L i n  Bouwer, Groundwater IEydrology, ~c~raw-&.IS, 1978) 
The length-to-width ratrio L/W f o r  t he  flooded a r e a  of b a s i n s  2 and 3 
w a s  465/188 = 2.5, so t h a t  t h e  corresponding a b s c i s s a  parameter could 
be read  from Bianchi and ?4uckelP s graph a s  about 0.023 (assuming 
l i n e a r i t y  of t he  curves  near  t he  o r i g i n ) ,  from which T was c a l c u l a t e d  
a s  84,000 rn2/day. This  va lue  was between t h e  14,600 rk2/day obta ined  
w i t h  t h e  s l u g  t e s t  i n  1975, and the  100,000 m2/day obtained w i t h  the  
Theis  pumping t e s t  i n  2979 (both on t h e  Center 

The d i f f e r e n c e  between t h e  T-values flrorn the  va r ious  t e s t s  i s  undoub- 
t e d l y  due t o  t he  methodology, p a r t i c u l a r l y  a s  i t  a f f e c t s  t h e  p o r t i o n  
of  t h e  a q u i f e r  involved i n  t h e  flow system and the d i r e c t i o n  and 
d i s t r i b u t i o n  of the f.kotr t h e r e i n .  For purposes of desi.gn and predic-  
t i o n  of ground~aater  mound behavior  i n  the a r ea ,  a T-value of 50,000 
m2/day and 21 f i l l a b l e  p o r o s i t y  o r  s to rage  c o e f f i c i e n t  of 0.05 may be 
r easonab le  and probably w i l l  be on the  conserva t ive  s i d e .  

3 s  SUSPENDED SOLIDS 

In 1980, the  suspended s o l i d s  content  of ths sewage e f f l u e n t  e n t e r i n g  
t h e  i n f i l t r a t i o n  bas ins  g e n e r a l l y  was i n  t he  range of 5 t o  25 m g / R ,  
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TABLE 2 * REFUCTORY VOLATILE ORGANICS (pg-1-I] : 23RD AVE PROJECT, PHOENIX, hRIZONA 

Purity GC Sewage Renovated water from 18-m 17e11 
-.-- Compound index Conf 102 111 100 103 106 109 113 

Trichlorethylene 
Toiuene 
Tetrachloroethylene 
2,4-Dimethyl-3-hexanol 
Chlorobenzene 
1,3,5,7-Cyclooctatetraene 
p-Xylene 
o-Xylene 
Diethyldisulfide 
Propylbenzene 
n-Ethyltoluene 
o-Ethyltoluene 
1,3,5-Trimethylbeczene 
1,2,3-Trimethylbenzene 
2,4,4-Trimethylbenzene 
n-Dichlorobenzene 
p-Dichlorobenzene 
o-Dichlorobcnzene 
I-Methyl-4-isopropyl-7-Oxabicyclo- 

[2,2, I] -heptane 
I-Chloro-2,3-dihydro-IH-indene 
1,l1-Bicyclopentyl 
2-Ethyl-1,4-dimethylbenzene 
I-Hethyl-2-isopropylbenzcne 
1-Methyl-4-isopropylbenzene 
Fenchone 
m- or p- Cresol 
1,2,3,4-Tetrahydronaphthalene 
Camphor 

(continued) 
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and averaged 13.4 ng/R (Figure 9). Thus, the bypass channel continued 
t o  be e f f e c t i v e  i n  minimizing the algae growth and suspended s o l i d s  
content  of the e f f l u e n t  enter ing the  i n f i l t r a t i o n  bas ins-  The 
suspended s o l i d s  content  of t h e  renovated water averaged 1 0 2  mg/R f o r  
t h e  Center Well. Individual  concentrat ions did not exceed a value of 
5 mgfR (Figure 9)* The same was t r u e  f o r  the 1 8 3  Ve11 (Figure l o ) ,  
where the  average suspended s o l i d s  content i n  1980 was 1-9 mg/!?,* 

4 ,  DISSOLVED SOLIDS 

I n  1980, t h e  TDS content of the  sewage e f f luen t  ranged between 600 and 
800 mg/R (Figure l l ) ,  and averaged 742 mg/R. Average TnS con- 
c e n t r a t i o n s  of the  renovated water i n  1980 were 784 mgfR f o r  t h e  
Center Well, 795 mgf R f o r  the  18-m Well, and 779 mgfR f o r  t h e  North 
Well. A t  a loading r a t e  of 100 n/year and an evaporation of 108 
m/year Eron the  s o i l  and water surface  i n  the i n f i l t r a t i o n  bas ins ,  
evaporat ion would account f o r  about 1 5  U ~ I R  of the  44 mg/R average 
d i f fe rence  between the  TDS content  of sewage e f f luen t  and renovated 
water. The r e s t  of the  increase  may be due to mobil izat ion of calcium 
carbonate i n  the s o i l  and aqu i fe r  a s  the pH of the  e f f l u e n t  dropped 
from s l i g h t l y  a l k a l i n e  (about 8) t o  n e u t r a l -  Variat ions i n  TDS con- 
t e n t s  and d i f f e r e n t  t i m e s  of sampling may a l so  have played a r o l e -  

5, pH VALUES 

The secondary e f f l u e n t  was s l i g h t l y  a l k a l i n e  (pH about 8) and the  
renovated water e s s e n t i a l l y  n e u t r a l  (pH about 71, Algae growth i n  t h e  
32-ha pond caused p3 values of the e f f l u e n t  to  increase  to  9 and sorne- 
times even higher a s  GO2 was taken up f o r  photosynthesis dur ing t h e  
day. After  the bypass channel was constructed and used, however, 
a lgae  growth i n  the  e f f l u e n t  was much reduced and the pB oE t h e  
e f f l u e n t  i n  the  i n f i l t r a t i o n  basins remained around 8- 

6. NITROGEN 

I n  1980, the  total-N content of the  secondary sewage e f f l u e n t  e n t e r i n g  
the  i n f i l t r a t i o n  bas ins  genera l ly  ranged between 15 and 25 mg/R 
(Figure 12) with an average of 17.0 mg/R, again mostly a s  flclU4-I3 (15.6 
mg/R). The organic-N content  averaged 1.45 mgfR, and the  N03-N con- 
t e n t  0.01 mgf R. Renovated water from the  Horth W e l l  again showed 
s e v e r a l  NO -N peaks (Figure 13). The peak on 10 ~~y occurred 10 days 
a f t e r  the 1 May beginning of a f looding period f o r  basins 1 and 4. 
Since the average i n f i l t r a t i o n  r a t e  fo r  basin 1 f o r  t h a t  f looding 
period was 0.7 n/day (Figure l), the  a r r i v a l  of the  N03-peak was about 
t h r e e  times slower than would have been expected from the  a r r i v a l  t i m e s  
and i n f i l t r a t i o n  r a t e s  associa ted  with the  November and December n i t r a t e  
peaks i n  1979- This d i f fe rence  was probably due to  the long dry 
period (about 2 months) preceding the  1-10 May flooding period,  which 
gave adequate time f o r  the water t o  d ra in  from the  vadose zone. Thus, 
when flooding was s t a r t e d  on 1 May, the  vadose zone was r e l a t i v e l y  dry 
and i t  took the  wet f r o n t  longer t o  reach the groundwater t a b l e *  
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N i t r a t e  peaks were a l s o  observed i n  t he  renovated water from t h e  18-m 
Well (Figure 14).  The peak i n  September occurred only a few days 
a f t e r  t he  s t a r t  of the September f l ood ing  periods f o r  bas ins  2 and 3,  
This  was due t o  t he  high i n f i l t r a t i o n  r a t e  i n  bas ins  2 and 3 a f t e r  
t hey  were r ipped  (see Sec t ion  I ) .  The N03-N concen t r a t ion  i n  t h e  
renovated water  from the  Center Well showed a decreas ing  t rend  (F igure  
15) and averaged 5 * 2  mg/R* 'NtI4-N concent ra t ions  cont inued t o  be c l o s e  
t o  zero  (0,07 mg/R average).  Since the  average total-N content  of t h e  
secondary e f f l u e n t  was about 17.1 mg/R (Figure 12) ,  t h e  n i t r o g e n  removal 
i n  t h e  s o i l  a q u i f e r  system i n  1980 was 69%. Average concen t r a t ions  
of  t h e  va r ious  fom.s of n i t r o g e n  i n  t he  renovated water dur ing  1980 
were as fo l lows  ( i n  ag/R): 

Worth We11 Center  Well 1 8 2  Well 

The h ighes t  concen t r a t ion  of organic  N was observed i n  t h e  18-m Well 
which 2s  i n  t h e  c e n t e r  of t h e  bas in  a r e a  and p e n e t r a t e s  t h e  a q u i f e r  
t h e  smallest d i s t ance .  The s t u d i e s  on n i t r a t e  peaks and co l i fo rm 
peaks i n  t he  water  from t h e  18-m I i e l l  have ind ica t ed  t h a t  the  e f f l u e n t  
wa te r  moves very f a s t  from t h e  i n f i Z t r a t i o n  bas in  t o  the  i n t a k e  of che 
18-m Well. Hence, " t reatment"  i s  reduced and the  renovated water from 
t h e  18-m Well has more o rgan ic  carbon, f e c a l  co l i forms ,  and o t h e r  
subs t ances  than  t h a t  from t h e  o t h e r  w e l l s -  

7 * PHOSPHORUS 

I n  1980, POfk-P concen t r a t ions  averaged 5.0 mg/R f o r  t he  secondary 
e f f l u e n t ,  2.77 m g / R  f o r  t he  renovated water from the  18-m Well, 1.43 mg/A 
f o r  t h a t  from the North Well, and 0,42 mg/R f o r  t h a t  from the  Center Well 
(F igu re  25) .  The renovated-water curves  i n  Figure 16  show the  addi- 
t i o n a l  decrease  of t h e  P04-P concen t r a t ion  as the  renovated water  con- 
t i n u e s  t o  t r a v e l  l a t e r a l l y  ( a s  t o  t h e  North Well, f o r  example) o r  
v e r t i c a l l y  ( a s  t o  t he  Center FTe;ll). The curves f o r  t he  renovated 
water  a lso exh ib i t ed  a g radua l ly  i nc reas ing  t rend,  e s p e c i a l l y  a f t e r  
June 1980 when i n f i l t r a t i o n  s a t e s  i n  t h e  bas ins  were markedly 
inc reased  due t o  rzpping of t h e  s o i l .  Thus, PQ4-P removal i n  t h e  
s o i l - a q u i f e r  system a l s o  depended on t h e  i n f i l t r a t i o n  r a t e .  

8 -  FECAL COtIPORrY BACTERIA 

I n  1980, t h e  average f e c a l  co l i form concent ra t ion  of t he  sewage 
e f f l u e n t  e n t e r i n g  t h e  i n f i l t r a t i o n  b a s i n s  was 1.3 x 1 0 ~ ~ 1 0 0  mR be fo re  
c h l o r i n a t i o n ,  and 3.4  x 104/100 mR a f t e r  17 November when t h e  e f f l u e n t  
began t o  r e c e i v e  ch lo r ina t ion .  Feca l  col i form concent ra t ions  of t h e  
renovated water  i n  1980 were cons iderably  higher  than  i n  prev ious  
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years. Renovated water from the North We11 had peak coliform con- 
c e n t r a t i o n s  of 43 and 45/100 mR (Figure 171, but the  average con- 
c e n t r a t i o n  was 1.36/100 r n R *  The Center-Well water showed peak 
col i form concentrat ions of 140 and 160/100 mG and had an average 
concen-tration of 24/100 mR (Figure 18). Very high coliform peaks 
were observed i n  the renovated water from the 18-m 1Jell i n  the  cen te r  
of the  p ro jec t  (Figure 191, where peaks regular ly  exceeded values  of 
l000/100 mR and a t  ode time shot  up t o  17,000/100 nR. The two highest  
peaks occurred i n  August and September, a f t e r  the i n f i l t r a t i o n  basins 
had been ripped to  increase  i n f i l t r a t i o n  r a t e s +  The average f e c a l  
coliform concentrat ion f o r  the  water from the 18- W e l l  was 1000/100 
m R. 

The average f e c a l  coliform concentrat ion of 24/100 mR f o r  the  
"production" water from the  Center Well was too high f o r  u n r e s t r i c t e d  
i r rTga t ion  under the  proposed new standards f o r  e f f l u e n t  i r r i g a t i o n  i n  
Arizona (geometric mean not more than 21100 mR and s i n g l e  sample not 
more than 25/100 mR)+ Lower f e c a l  colifonn concentrat ions could be 
obtained by f looding schedules t h a t  avoid simultaneous new flooding of 
bas ins  2 and 3, Tf basins 1 and 2 a r e  flooded a t  the  same time, and 
then bas ins  3 and 4 f o r  t h e  next f looding sequence, the  cen te r  wel ls  
would never pump renovated water t h a t  i n f i l t r a t e d  i n  the adjacent  
bas ins  2 and 3 a t  the  sane time. I f ,  f o r  example, basins 1 and 2 a r e  
f i l l e d ,  the  i n i t i a l  i n f i l t r a t i o n  from basin 2 would increase  the  f e c a l  
coliform concentrat ion i n  t h e  water from the Center 'Well. However, the  
we l l  would a l s o  pump renovated water t h a t  i n f i l t r a t e d  a t  the end of 
t h e  f looding period from basin 3- Since t h i s  renovated twte: would 
have a low coliform content ,  it would reduce the f e c a l  coliform con- 
c e n t r a t i o n  i n  the pumped water. Also, the  23rd Avenue Treat~nenll Plant  
has s t a r t e d  ch lo r ina t ing  i t s  e f f l u e n t  i n  November 1980, which should 
reduce c o l i f o r n  concentrat ions i n  the e f f luen t  and the  renovated 
water. This w i l l  be studied a f t e r  the chlor inat ion has been i n  e f f e c t  
f o r  some time. 

The higher f e c a l  coliform concentrat ions i n  the renovated water i n  
1980 must have been caused by the  higher i n f i l t r a t i o n  r a t e s  r e s u l t i n g  
from the use of the bypass channel, and by the  r ipping of t h e  su r face  
s o i l  i n  the  i n f i l t r a t i o n  basins. The high values i n  the  renovated water 
froin the 18-m /?el l  must a l s o  have been due to the very f a s t  a r r i v a l  of 
renovated water at t h i s  w e l l  from the  i n f i l t r a t i o n  basins,  a s  ind i -  
cated by the  shor t  tlmes between s t a r t s  of new flooding periods i n  
bas in  2 and the>  appearance of n i t r a t e  and coliform peaks i n  the reno-. 
vated water from the 1 8 9  W s l l  (Figures 14 and 19). 

Renovated water from various wel ls  was sampled twice i n  1980 f o r  
v i ruses ,  pumping 800 t o  2000 R of renovated water through specjlal 
f i l t e r s  t o  concentrate the v i ruses  i n  a small volume t h a t  could be sent  
t o  the  labora tory  f o r  assay. In  January 1980, v i ruses  were concentrated 
i n t o  smali samples by pumping well water through a f i b e r g l a s s  c a r t r i d g e  
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f i l t e r  and i n j e c t i n g  HCL t o  a d j u s t  t he  pH of t h e  we l l  water t o  3,5 and 
A l C 1 3  t o  a concen t r a t ion  of 0e0005 M A l C l 3  before  t h e  w e l l  water  en t e red  
t h e  f i l t e r  ( G i l b e r t  e t  a l . ,  2976). The adsorbed v i r u s e s  were e l u t e d  
from t h e  f i l t e r s  w i th  g lyc ine  b u f f e r  (pN 1105)  and the  e l u a t e  was 
n e u t r a l i z e d ,  f rozen ,  and shipped t o  C- P. Gerba of t h e  Baylor College of 
Medicine, Houston, Texas, f o r  a n a l y s i s .  I n  June 1980, samples were con- 
c e n t r a t e d  by simply pumping w e l l  water  through r e c e n t l y  developed posi- 
t i v e l y  charged f i l t e r s *  The f i l t e r s  were packed i n  i c e  and shipped t o  
Eaylor  College of Medicine where the  v i r u s e s  were e l u t e d  and assayed. 
Dupl ica te  samples were obta ined  i n  a l l  cases .  Average v i r u s  con- 
c e n t r a t i o n s  are shown i n  Table 3.. 

A n  average of about  0,15 PFU/100 R were de t ec t ed  o n ' t h e  January 
sampling d a t e  wh i l e  about 3. PFU/ZOO R was found i n  June (Table 1 ) *  
A l l  of t h e  v i r u s  concen t r a t ions  were w e l l  below t h e  1 PPU/4O R l i m i t  
proposed by the  Arizona Department of EIealth Serv ices  f o r  wastewater 
t o  be  used f o r  u n r e s t r i c t e d  i r r i g a t i o n *  The d i f f e r e n c e s  i n  v i r u s  con- 
c e n t r a t i o n s  f o r  t h e  two sampllng d a t e s  could have been due t o  d i f -  
f e r e n c e s  i n  t h e  concen t r a t ion  techniques,  t o  seasonal  v a r 9 a t i o n  i n  t h e  
v i r u s  concen t r a t ions  i n  t h e  sewage, o r  t o  d i f f e r e n c e s  i n  v i r u s  sur-  
v i v a l  t i m e s  i n  t h e  s o i l  dur ing  win te r  and summer. 

LO. TOTAL ORGANIC CARBON 

T o t a l  o rgan ic  carbon (TOC) concen t r a t ions  i n  t he  secondary e f f l u e n t  
and renovated water  from var ious  w e l l s  i n  1980 a r e  shown fn r ' g  '1 u r e s  
20, 21, and 22. The average va lues  were 9-34 mg/R f o r  the  secondary 
e f f l u e n t ,  2,45 mg/R f o r  t he  renovated water  from the  North Well, 1.86 
mg/R f o r  t h a t  from the  Center Well, and 3-17 ug/R f o r  t h a t  from the  
18-m VeZl* The 18-m %?ell, whlch i s  next  t o  bas in  2 and p e n e t r a t e s  t h e  
groundwater the s h o r t e s t  d i s t ance ,  t hus  showed t h e  h ighes t  TOC con- 
c e n t r a t i o n  of t h e  renovated water samples. The a d d i t i o n a l  movement i n  
t h e  a q u i f e r  (mostly Lateral. t o  t h e  Morth Well and v e r t i c a l  t o  t h e  per- 
f o r a t e d  s e c t i o n  of t h e  Center !Jell) thus  produced more removal of 
o rgan ic  carbon. 

Previous  work a t  t he  F lushing  bleadows p r o j e c t  showed t h a t  t h e  BOD of 
t h e  renovated water  w a s  e s s e n t i a l l y  zero ,  i n d i c a t i n g  t h a t  most of t h e  
o rgan ic  carbon i n  t h e  renovated water  must be a s soc i a t ed  w i t h  o rgan ic  
compoundi; that: a r e  no t  r e a d i l y  degraded i n  t h e  s o i l  and a q u i f e r .  Some 
of  t h e  organic  carbon undoubtedly i s  i n  t h e  form of humic and f u l v i c  
a c i d s *  However, t r iha lomethanes  and o t h e r  organohal ides ,  p l u s  
p l a s t i c i z e r s ,  p e s t i c i d e s ,  and o t h e r  compounds e n t e r i n g  the  sewage 
e f f l u e n t  v i a  i n d u s t r i a l  wastes  o r  from chemical products  used i n  t h e  
household could be p r e s e n t e  Chlorinated organics  may a l s o  be formed by 
r e a c t i o n s  between c h l o r i n e  and organic  compounds when raw water  is  
t r e a t e d  f o r  municipal  water supply,  and aga in  when sewage e f f l u e n t  i s  
c h l o r i n a t e d  i n  t h e  sewage t rea tment  p l an t .  The presence and i d e n t i t y  of 
t r a c e  o rgan ic s  i n  renovated water  is  a major f a c t o r  of concern i n  t he  
po tab le  reuse  of such water ,  because t h e ' o r g a n i c s  can inc lude  known o r  
suspec ted  carcinogens f o r  man o r  animals* 
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The i d e n t i t y  of t he  t r a c e  organics  i n  t he  secondary e f f l u e n t  and i n  
t h e  renovated water from va r ious  we l l s  was s tud ied  i n  t he  f i r s t  p a r t  of 
1980 by s t a f f  members of t he  Department of Environmental Science and 
Engineer ing  of Rice Un ive r s i t y ,  Houston, TX (M. B. Tomson, J. Dauchy, 
S. Hutchins,  C. Curran, C. 5. Cook, and k .  H. Ward) and by s t a f f  members 
of t h e  Environmental Engineering and Science Program, Department of C i v i l  
Engineer ing  of S tanford  Univers i ty ,  Stanford,  CA (E* J* Bouwer, J- 
Graydon, and M. Reinhard).  

R ice  Un ive r s i t v  S t u d i e s  

On 24-27 January 1980, pre l iminary  samples f o r  t r a c e  organic  a n a l y s i s  
were obta ined  Erom t h e  23rd Avenue p ro j ec t .  The e x i s t i n g  pump i n  t h e  
18-m We11 used f o r  sampling was a 0,9 m long,  10  cm diameter  Berkeley 
Model #4&18 a l l  s t a i n l e s s  s t e e l  (except  f o r  t he  ha rd -p l a s t i c  i m p e l l e r  and 
t h e  insu la t ion-coa ted  power cord) completely s ea l ed  submersible  pump, 
r a t e d  a t  38 R/nin. It has  been suggested t h a t  most commercial e l e c t r i c  
pumps cannot  be used t o  o b t a i n  groundwater samples f o r  t r a c e  l e v e l  orga- 
n i c s  a n a l y s i s  because t r a c e  l e v e l  organics  from t h e  bea r ings ,  p l a s t i c  
components, e t c c  a r e  cont inuous ly  being r e l eased  t o  t h e  wa te r -  To t e s t  
t h e  e f f e c t s  of such a pump on t h e  sampling procedure, 2 samples were 
talcen a t  t h e  same t i m e ,  one us ing  t h e  i n s t a l l e d  submersible  pump and one 
us ing  an a l l  p l a s s  and Teflon nitrogen-powered pump developed at  Rice 

The g l a s s  and Teflon pump was lowered down t h e  18-m Well Un ive r s i t y .  - 
c a s i n g  t o  about  l m below t h e  submersible  pump, During che 1 2  hour s  
r e q u i r e d  f o r  sampling, t h e  submersible  pump discharged about  27 m3 water  
through a hose t o  bas in  3* The 60-cm3/rnin flow requ i r ed  f o r  t h e  XAD-2 
a d s o r p t i o n  c o l u ~ m  w a s  ob ta ined  v i a  a 0.64-cm s t e e l  t e e  screwed i n t o  the 
submers ib le  pump r i s e r  pipe a Sew inches  above t h e  cas ing  top. Sampling 
c o n s i s t e d  of pass ing  10 t o  50 R of groundwater o r  sewage through a 15-cm 
by 0-9--cm i .d .  Teflon column f i l l e d  wi th  p u r i f i e d  XAD-2 r e s i n -  A 
v a r i a b l e  speed p e r i s t a l t i c  pump (Masterf lex)  l oca t ed  a f t e r  each XAD-2 
r e s i n  column was used t o  c o n t r o l  the  water flow r a t e  through t h e  columns 
a t  about 60 cm3/mine Organic compounds were adsorbed and concen t r a t ed  
on & e r l i t e  XAD-2 mac ro re t i cu l a r  r e s i n  (Rohm and Haas, P h i l a d e l p h i a ,  
PA). This  r e s i n  is  a low-polar i ty ,  s tyrene-divinylbenzene copolymer 
w i t h  e x c e l l e n t  su r f  ace  c h a r a c t e r i s t i c s  f o r  t h e  adso rp t ion  of l i p o p h i l i c  
contaminants  

A gas  chromatograin of each of t h e  e x t r a c t  concen t r a t e s  from t h e  
colunns was obta ined  from a Tracor  560 GC wi th  PIDs u s ing  a 50-m fused 
s i l i c a  Hewlett-Packard SP 2100 WCOT c a p i l l a r y  column. The chroma- 
tograms s e r e  recorded on a Spectra-Physics 4100 i n t e g r a t i n g  computer* 
A p o r t i o n  of each sample was then  spiked wi th  ~ ~ N a p k h t h a l e n e  and mass 

- Tornson, M- B - ,  S. Hutchins,  J. M. King, and C. 11. Vard. 1980. A 
n i t r o g e n  powered cont inuous d e l i v e r y ,  a l l - g l a s s  t e f l o n  pumping system 
f o r  groun2-water sampling Erom below 10 meters* Ground lJater  18 ,  
444-446. 
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s p e c t r a l  ana lyses  were performed on a  Pinnigan 4000 FlS us ing  a  matched 
GC c a p i l l a r y  column- GC conf i rmat ion  was performed by known a d d i t i o n  o r  
by r e t e n t i o n  time matching on as many compounds a s  could be ob ta ined -  
I n  most ca ses  q u a n t i t a t i o n  was based upon i n t e r n a l  s t anda rds  us ing  the  
SP 4100 i n t e g r a t e d  peak a reas .  Since t h e  r e s u l t s  from the  two pumps were 
q u i t e  similar, a more ex tens ive  sampling of t h e  e f f l u e n t  and renovated 
water  a t  t h e  23rd Avenue p r o j e c t  was made February 26 t o  March 1, 1980, 
u s ing  the  commercial pumps only. 

A summary of t h e  r e f r a c t o r y  v o l a t i l e  organic  (RVO) compounds found i n  
t h e  February 26-March 1 samples i s  presented i n  Table 2. The "pur i ty"  
index  i n  Coltamn 2 i s  a measure of 'how we11 a l i b r a r y  mass spectrum matches 
t h e  corrcspon ng sample spectrum- From exper ience 'wi th  o r h e r  but  similar 
groundwater a sewage samples, i t  was found t h a t  t h e  average p u r i t y  
index and s tandard  d e v i a t i o n  of compounds subsequent ly confirmed by GC 
r e t e n t i o n  t i m e  matching was about 830 " f500 Therefore,  on ly  compounds 
which have been e i t h e r  confirmed by GC r e t e n t i o n  time matching ("x" i n  
Column 3 )  o r  have a "pur i ty"  2 680, a r e  repor ted .  The compounds 
r epor t ed  i n  Table 2 c o n s t i t u t e  54%, by number, of compounds i d e n t i f i e d ,  
b u t  from 75 t o  85% of t h e  W O  nmss (es t imated  by a r e a  under t he  GC 
t r a c e ) .  I n  a d d i t i o n  t o  t he  RVO's l i s t e d ,  S-methylpentane, 2-isopropoxy- 
1-propanal,  e t h y l  a c e t a t e ,  ck~loroform, 2,4,6-trimethyl-l,3,5-trioxane, 
and l , l , l - t r i c h l o r o e c h a n e  wi th  p u r i t y  indexes 929, 793, 916, 993, 861, 
and 959, r e s p e c t i v e l y ,  were i d e n t i f i e d  by mass s p e c t r a l  a n a l y s i s  t o  be 
under t he  so lven t  peak, p r i o r  t o  t r i ch lo rue thy lene ,  

The compounds i n  Table 2 a r e  l i s t e d  i n  t h e  approximate o r d e r  t h a t  they 
e l u t e  from Ehe c a p i l l a r y  GC column wi th  a f e ~ s  except ions  of isomers  
which have been grouped togetrher f o r  I l l u s t r a t i o n l  The $kiss S p e c t r a l  
Search System (MSSS) used i n  t h i s  s tudy  t o  a s s i s t  i n  compound i d e n t i f i -  
c a t i o n  oEten EaiLs t o  c o r r e c t l y  d i f f e r e n t i a t e  between c l o s e l y  r e l a t e d  
isomers  such a s  t h e  va r ious  t r ia lkyl -benzenes ,  t e t ra lkyl -benzenes ,  
dichloro-benzenes, methyl-napthalenes,  and d i f f e r e n t  high molecular  
weight a lkanes ,  bu t  f o r  "pur i ty"  2 680 r a r e l y  i s  t h e  compound c l a s s  o r  
o v e r a l l  carbon number i n  e r r o r .  I f  t h e  compound was a l s o  confirmed by GC 
r e t e n t i o n  t i n e  matching, t h e r e  i s  l i t t l e  unce r t a in ty  i n  i t s  s p e c i f i c  
i d e n t i t y .  An o v e r a l l  e s t ima te  of t h e  u n c e r t a i n t y  i n  t he  concen t r a t ions  
was made by va r ious  r e p e t i t i v e  i n j e c t i o n s ,  e x t r a c t i o n s ,  e t c .  and pro- 
bably i s  wi th in  a f a c t o r  of 5 1 - 0  t o  2*0 of t h e  va lue  f o r  compounds a t  
concen t r a t ions  < 0.1 pg/r", t o  about f 0.2 t o  0.5 of t h e  va lue  r epo r t ed  
f o r  concen t r a t ions  > Oil p g f R *  

For  t h e  a n a l y t i c a l  reasons d iscussed  above and because compounds of 
one chemical c l a s s  o f t e n  have similar biological, phys i ca l ,  and chemical 
p r o p e r t i e s ,  t he  sums of compound concent ra t ions  by chemical c l a s s  a r e  l i s t e d  
i n  Table 3, The overa ' l l  weighted average RVO removaL was 92%. When a11 
compounds verr cons idered ,  r e g a r d l e s s  of "pur i ty"  index,  t h e  removal was 
from l6*578  yg-l.-l t o  2.245 pg-l-l, o r  86.4%, The d i f f e r e n c e  was not  
c l e a r l y  a t r r i b u t a b l e  t o  any given c l a s s .  From Table 3 i t  can be seen  
t h a t  most c l a s s e s  of compounds were removed from 90 t o  100%. Noted excep- 
t i o n s  were ch loroa lkanes ,  a lkylphenols ,  a lkanes,  p h t h a l a t e s ,  and amides* 
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The p h t h a l a t e  d a t a  may be i n  e r r o r  because previous ana lyses  of o t h e r  
s i t e s  and o the r  d a t a  showed p h t h a l a t e  renovals  ranging from 70 t o  80%. 
However, i f  t he  ph tha l a t e  d a t a  is  omit ted,  t he  A RVO% only i n c r e a s e s  from 
92 t o  94%* 

Stanford  Univers i ty  S tud ie s  

On 27-25 February 1980, samples of secondary e f f l u e n t  e n t e r i n g  and 
l eav ing  the  i n f i l t r a t i o n  bas ins ,  and of renovated water from v a r i o u s  
w e l l s  were t ake  and shipped t o  StanEord Univers i ty  f o r  v a t i le  o r g a n i c  9 /  94 a n a l y s i s  (VOA) - , closed-loop s t r i p p i n g  a n a l y s i s  (CLSA) - , and hexane 
s o l v e n t  e x t r a c t i o n  a n a l y s i s  (SEA) kl. Resu l t s  of t h e  low molecular  
weight  halogenated organic  ana lyses  ( v o l a t i l e  organic  a n a l y s i s  o r  VOA) 
a r e  shown i n  Table 4 ,  Compounds a t  o r  below the  d e t e c t i o n  l i m i t  05 
O , l  pg/R were: 

Carbon t e t r a c h l o r i d e  CC24 
Bromodichlosomethane CEfBrCJ2 
Dibromochloromethane CtIBr2C1 
Bromof o m  CIIBr3 

Traces of t h e s e  compounds were de t ec t ed ,  but  they were i n s i g n i f i c a n t  
and/or  due t o  p o s s i b l e  so lven t  contaminat ion* 

The V O h  r e s u l t s  (Table 4) i n d i c a t e  t h a t  v o l a t i l i z a t i o n  l o s s e s  a r e  
probably the  ma j a r  rernoval mechanism f o r  these  compounds Removals of 
a t  l e a s t  60% were observed between i n f i l t r a t i o n  bas in  inf low (secondary 
e f f l u e n t )  and bas in  out f  Iowa The i n f i l t r a t i o n  bas in  o u t f l o t ~ s  had 
lower concentrat ' ion f l u c t u a t i o n s  than the  inflows. Thus, t h e  b a s i n s  
appeared t o  damp out  some of t h e  i n f l u e n t  concent ra t ion  v a r i a t i o n s ,  The 
ha2ogenated organic  concen t r a t ions  i n  t he  18-m Well and 30-111 Well were 
similar t o  t h e  bas in  inf low concent ra t ions .  Thus, t h e r e  was l i t t l e  o r  
no r educ t ion  i n  concen t r a t ion  of t hese  halogenated organics  dur ing  s o i l  
passage. Concentrat ions i n  t h e  water  from the  Hort'n Well, however, were 
cons iderably  lower than i n  t h a t  from the  18- and 30- \ $e l l s ,  e i t h e r  as 

- '/ Henderson, J. E., G. K. Peyton and 1.i. H. Glace, 1976. A con- 
v e n i e n t  l i q u i d - l i q u l d  e x t r a c t i o n  method f o r  t he  de te rmina t ion  of ha lo-  
methanes i n  water  a t  t h e  par t s -per -b i l l ion  l eve l .  I n  I d e n t i E i c a t i o n  - 
and a n a l y s i s  of organic  p o l l u t a n t s  i n  water.  LI H1 Kei th (ed.), Ann 
Arbor Science Publ i shers ,  Snc., Ann Arbor, M I ,  105-ll2+ 

- 3/ Grob, K. and F. Zurcher,  1975. S t r ipp ing  of t r a c e  organic  
s t ~ b s t a n c e s  from water--Equipment and procedures. Jour . Chrornatogr, 

4 / -- Reinhard, N,, Jo E. Scbre iner ,  T. Everhart  and J. Graydon, 2979. 

S p e c i f i c  compound a n a l y s i s  by gas chromatography and mass spectrometry 
i n  advanced t r e a t e d  waters*  Presented at the  NATO/CCMS Conference of 
p r a c t i c a l  a p p l i c a t i o n  techniques,  Reston, VA, May 1, 1979. 
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a r e s u l t  of s o r p t i o n ,  degrada t ion ,  o r  d i l u t i o n  by S a l t  River  water  
( f l ood ing  pe r iod )*  

Chloroform showed the g r e a t e s t  r educ t ion  among the  4 compounds. For 
example, chloroform i n  Horth We11 water  was lower than  i n  bas ins  1 or  
4 outf lows,  whereas, t h e  o t h e r  3 compounds were h igher  i n  North Well 
wa te r*  Var i a t ions  i n  bas ins  1 and 4 in f low concen t r a t ions  probably 
account f o r  t he  high va lues  of 1, 1 , l - t r i ch lo roe thane  and tetra- 
ch lo roe thy lene  found i n  t he  18-m Well and the  30% w e l l .  

The compounds i d e n t i f i e d  by CLSA were p r imar i ly  hydrocarbons, a lky-  
l a t e d  benzenes, and a few ch lo r ina t ed  benzenes (Table 5). Concen- 
t r a t i o n s  in t h e  water  l eav ing  the  bas ins  were ~ i g n ~ f i c a n t l y  lower than 
i n  water  e n t e r i n g  t h e  bas ins .  This  was probably due t o  v o l a t i l i z a -  
t i o n  l o s s e s  from Ehe i n f i l t r a t i o n  bas ins ,  a s  f o r  t he  VOA compounds. 
Most of t h e  CLSA compounds i d e n t i f i e d  i n  bas in  i n f l u e n t s  a l s o  appeared 
i n  t h e  obse rva t ion  we l l s ,  bu t  a t  lower concen t r a t ionsB  The longe r  
underground t r a v e l  t o  t he  North Well d id  no t  s i g n i f i c a n t l y  al ter the  
concen t r a t ions  compared t o  those f o r  t he  18- and 3 0 9  Wells i n  t h e  
c e n t e r .  Many of he a l k y l a t e d  a r o n a t i c s  a r e  biodegradable,  and are 
suspec ted  t o  be removed i n  t h e  system by b i o l o g i c a l  a c t i o n  a s  ev i -  
denced by t h e  low concen t r a t ions  i n  t h e  water from t h e  18-m and 30-m 
Wel lso  The mass s p e c t r a  of s e v e r a l  C3-substituted benzenes (CgH12) 
were not  d i f f e r e n t i a t e d ,  so  no fu rche r  i d e n t i f i c a t i o n  could be 
achieved. 

The c h l o r i n a t e d  benzenes and naphthalene showed l i t t l e  r educ t ton  
du r ing  s o i l  pe rco la t ion .  Although ehese compounds have been found 
biodegraded i n  ae rob ic  column s t u d i e s  a t  Stanford Univers i ty ,  no 
anaerobic  con i t i o n s  were found under which t h e s e  compounds were 
degraded (unpirblisheb r e s u l t s ) .  V i th  t he  high organic  loading  dur ing  
i n f i l t r a t i o n ,  i t  is l i k e l y  t h a t  most of t h e  s o i l  p r o f i l e  w a s  anaerobic  
except  f o r  a s~rtall ae rob ic  zone a t  t he  s o i l  sur face .  Therefore,  
s i g n i f i c a n t  b i o l o g i c a l  removal of t he  ch lo r ina t ed  benzenes and 
naphtha lene  i n  the  anaerobic a q u i f e r  would not be expected-  This  a l s o  
accounts  f o r  no f u r t h e r  removaLs w i t h  longer  underground t r a v e l  t o  t h e  
North IJell.. 

Cornpounds ident-Lfied by so lven t  e x t r a c t i o n  a n a l y s i s  (SEA) inc luded  
(Table 6):  

p h t h z l a t e s  - p l a s t i c i z e r s  
c h l o r i n a t e d  

a n i s o l e s  -. poss ib l e  nwthylat ion products of c i~ lo ropheno l s  
DDT, l i ndane  - p e s t i c i d e s  

These compounds a r e  not as v o l a t i l e  o r  biodegradable a s  t h e  compounds 
measured by VOA and C S U ,  and many of them appeared i n  the  renovated 
wa te r*  S i g n t f i c a n t  r educ t ion  i n  concen t r a t ion  between bas in  inf lows  
and o ~ t f l o w s  occnrred f o r  some of t h e  compounds i d e n t i f i e d  by SEA- 
Some were a l s o  reduced dur ing  passage through t h e  s o i l .  This  was most 
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l i k e l y  due t o  s o r p t i v e  processes .  However, t h e  compounds g e n e r a l l y  
were p re sen t  a t  concen t r a t ions  near  the d e t e c t i o n  l i m i t ,  except  f o r  
t h e  p h t h a l a t e s  , making it d i f f i c u l t  t o  make p o s i t i v e  conclus ions  about 
observed removals* 

A more sys t ema t i c  s tudy of t h e  t r a c e  organics  i n  the  sewage e f f l u e n t  
and renovated water  was begun i n  September 1980, sampling on two days 
each  week. For t h e  e f f l u e n t ,  samples were obtained a t  d i f f e r e n t  t imes 
of t h e  day and a t  d i f f e r e n t  p o i n t s  i n  t he  i n f i l t r a t i o n  bas ins .  The 
t r a c e  o rgan ic s  i d e n t i f i c a t i o n  aga in  was ' done by Stanford U n i v e r s i t y ,  i n  
coope ra t ion  wi th  t h e  Western Regional Research Center l a b o r a t o r y  of t h e  
U* S, Department of Agr i cu l tu re  (SEA-AK) i n  Albany, C a l i f o r n i a *  The 
f i r s t  s e r i e s  of samples and a n a l y s i s  were done t o  c h a r a c t e r i z e  t h e  t r a c e  

&ore c h l o r i  a t i o n  of t he  e f f l u e n t ,  which s t a r t e d  r o u t i n e l y  a t  
t h e  t rea tment  t h e  middle of November* S t a r t i n g  i n  A p r i l  1981, 
a second s e r i e s  of 2-month sampling w i l l  be done t o  s e e  i f  t h e r e  is  any 
e f f e c t  of t h e  c h l o r i n a t i o n  on t h e  t r a c e  organics  i n  t h e  p l a n t  e f f l u e n t  
and i n  t h e  renovated water  from below the  i n f i l t r a t i o n  b a s i n s *  The 
r e s u l t s  of t h e s e  s t u d i e s  w i l l  be presented i n  one r e p o r t  nex t  year.  

More informat ion  on the  q u a l i t y  of deep pe rco la t ion  water from irri- 
ga ted  f i e l d s  is needed t o  a c c u r a t e l y  a s s e s s  t he  e f f e c t  of i r r i g a t i o n  
on groundwater q u a l i t y .  I n  many a r e a s  t he  water t a b l e  is p r e s e n t l y  
dec reas ing  f a s t e r  than the  downward movclnent of t h e  deep p e r c o l a t i o n  
water .  Sone i d e a  of t h e  q u a l i t y  of t he  deep pe rco la t ion  water  can be 
obta ined  by looking a t  t he  water  i n  t he  vadose zone. A number of dry 
w e l l s  a r e  p r e s e n t l y  being i n s t a l l e d  i n  t he  Phoenix a r e a  t o  r a p i d l y  
d i spose  of s u r f a c e  runoff .  The chemical compositions of t h e  water  i n  
t h e  vadose zone was determined from s o i l  samples taken dur ing  the  
c o n s t r u c t i o n  of two d ry  wel l s .  The we l l s  were dug wi th  a bucket  type 
d r i l l  r i g .  The r i g  d r i l l e d  a &-foot diameter ho le  wi th  each bucket 
removing about 1-foot depth of s o i l .  

The f i r s t  w e l l  was loca t ed  sou theas t  of Alma School and b7arne.r i n  
Chandler,  and was i n  a a r e a  t h a t  had been under i r r i g a t i o n  f o r  a 
number of y e a r s -  S o i l  samples were taken a t  var ious  depths  a s  t h e  
h o l e  w a s  dug, The depth of t h e  ho le  was 52 f e e t *  Sand was h i t  a t  
39 f e e t s  Gravimetr ic  water  conten t  and p a r t i c l e  s i z e  were determined 
f o r  each sample (Table 7) The top  7 f e e t  cons i s t ed  of a loam s o i l .  
A t  1 0  t o  14 f e e t ,  t h e  t e x t u r e  changed t o  sandy loam and s i l t  
loam. From 1 5  t o  38 f e e t ,  t h e  s i l t  and c l ay  content  was h i g h e r  and 
the  t e x t u r e  ranged from s i l t y  c l a y  t o  laam* Below 39 f e e t  w a s  medium 
sand. 

The water  conten t  increased  from 10-14% i n  the top 10  f e e t  t o  20-26% 
from 12  t o  38 f e e t .  The water  conten t  of 48% at  25 f e e t  appears  t o  be 
unreasonably h ighY The water  content  i n  the  sand was 4 t o  5%. The 
water  c o n t e n t s  below 1 2  f e e t  a r e  e s s e n t i a l l y  a t  f i e l d  c a p a c i t y ,  which 
ranges  from 22 t o  30% f o r  loam and c l a y  loam s o i l s .  The 4 t o  5% i n  
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t h e  medium sand i s  a l s o  c l o s e  t o  f i e l d  capac i ty .  The l a s t  i r r i g a t i o n  
on t h e  f i e l d  probably w a s  w i t h i n  6 t o  12  months. The sand-loam 
i n t e r f a c e  d id  not  r e s u l t  i n  a r e s t r i c t i o n  of flow a s  t he  water  con ten t  
above the  i n t e r f a c e  was about at f i e l d  capac i ty .  

The concen t r a t ion  of t o t a l  d i s so lved  salts (TDS), Na+, ~g*, c~*,cI-, 
N03-, and 1 ~ 4 +  were determined from s o i l  s a t u r a t i o n  e x t r a c t s  and a r e  
shown i n  Table 7. The s a l t  con ten t  i s  expressed as mg/R of o r i g i n a l  
s o i l  water .  Above t h e  sand, t h e  TDS content  ranged between 1500 and 
2900 mg/R except  f o r  t h e  19-foot sample, where i t  w a s  4925 mg/R. The 
TDS con ten t  i n  t he  sand was about  5000 mg/Ro The average TXIS con ten t  
of t h e  1 2  t o  38-foot zone was 2570 mg/R. The average TDS c o n t e n t  of 
t h e  i r r i g a t i o n  water  f o r  t h e  1971-80 period was 627.mg/R1 Thus, t h e  
i r r i g a t i o n  e f f i c i e n c y  would be 76% assuming t h e r e  w a s  a sal t  ba lance  
i n  t h e  r o o t  zone, The average NO3 concen t r a t ion  was 204 mg/R, which 
i s  about  4.5 t imes  h igher  than  t h e  45 mg/R standard f o r  d r i n k i n g  
water .  The NO3 concen t r a t ion  w a s  g r e a t e s t  at 16 f e e t o  

The second w e l l ,  l oca t ed  a t  1 8 t h  S t r e e t  and l ~ s s o u r i ,  Phoenix, was at 
t h e  lower end of a church parking l o t .  The church has  been a t  t h a t  
l o c a t i o n  f o r  4 years .  Previous t o  t he  church cons t ruc t ion  t h e  l o t  had 
been vacant  f o r  s e v e r a l  yea r s -  Rain water d ra in ing  from t h e  parking 
l o t  w a s  t he  only source of deep-percolat ion water i n  t h e  p a s t  4 years .  

The s o i l  i s  a f a i r l y  uniform f i n e  sandy loam t o  a depth of 66 f t *  A 
rock  formation was h i t  a t  66 f e e t .  The average composition of t h e  
s o i l  w a s  54% sand, 37% s i l t ,  and 9% clay.  The gravirnetr ic  water con- 
t e n t  was a l s o  f a i r l y  uniform ranging from 11 t o  21% and averaging  
14.4%. F i e l d  capac i ty  of f i n e  sandy loam would be around 14%* The 
rock formation d id  not  a c t  a s  a r e s t r i c t i n g  l a y e r ,  

The composition of t h e  s o i l  water  is shown i n  t a b l e  8. The average  
TDS concen t r a t ion  was 756 mg/R which i s  about 3.5 t imes l e s s  t han  t h a t  
from t h e  i r r i g a t e d  f i e l d *  The lower TDS content  is  r easonab le  s i n c e  
r a i n  water has  been the  only source  of water.  The n i t r a t e  concen- 
t r a t i o n  was about ha l f  of t h a t  i n  t he  i r r i g a t e d  f i e l d  and t h e  calcium 
and magnesium concen t r a t ions  were about t he  same. The largest :  d i f -  
f e r e n c e  was i n  t he  sodium and c10ri.de concent ra t ions .  The average  
n i t r a t e  concen t r a t ion  was 103 mg/R, There a r e  two a r e a s  o f  h ighe r  
n i t r a t e  concentratLons,  one at 10-16 f e e t  and the  o t h e r  a t  36-47 f e e t .  
The h ighe r  concen t r a t ions  a r e  probably due t o  n i t r a t e  a p p l i c a t i o n s  t o  t he  
t r e e s  and shrubs i n  t h e  a r ea .  The two d i s t i n c t  "peaks" a r e  probably t h e  
r e s u l t  of a p p l i c a t i o n s  a t  d i f f e r e n t  t imes wi th  excess  r a i n  l e a c h i n g  t h e  
n i t r a t e  below the  r o o t  zone. 

SUXW8.Y AND CONCLUSLO2TS : 

The work a t  the  23rd Avenue r ap id  i n f i l t r a t i o n  p r o j e c t  i n  1980 c o n s i s t e d  
of s tudying  the  e f f e c t  of t h e  lower a lgae  content  i n  t h e  secondary 
e f f l u e n t  (due t o  c o n s t r u c t i o n  of a bypass cana l  around the  80-acre pond 
i n  1979) on i n f i l t r a t i o n  rates, t h e  e f f e c t  of breaking up t h e  s u r f a c e  
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s o i l  i n  t h e  bas ins  on i n f i l t r a t i o n  r a t e ,  t h e  response of t h e  groundwater 
t a b l e  t o  recharge ,  and t h e  q u a l i t y  of t h e  renovated water i n  r e l a t i o n  t o  
t h a t  of t h e  secondary e f f l u e n t  ( i nc lud ing  v i r u s e s  and t r a c e  o rgan ic s ) .  
The wastewater renovat ion  work i s  near ing  completion and its scope w i l l  
be  s i g n i f i c a n t l y  reduced a f t e r  t he  summer of 1981. &fost of t h e  e f f o r t  
of t h e  Subsurface Water Management Croup w i l l  then  be d i r e c t e d  toward 
t h e  e f f e c t  of i r r i g a t e d  a g r i c u l t u r e  on recharge and q u a l i t y  of under ly ing  
groundwater ( i nc lud ing  t r a n s p o r t  of water and chemicals i n  t h e  vadose 
zone). To g e t  some i n s i g h t  i n t o  vadose zone cond i t i ons  i n  i r r i g a t e d  
d e s e r t  v a l l e y s ,  s o i l  samples were obtained during d r i l l i n g  of storm- 
runoff  injection w e l l s  i n  t h e  S a l t  Kiver Valley. The s o i l  samples were 
analyzed f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  water conten t ,  and chemical 
composition of t h e  water. 

Flooding schedules  of t h e  i n f i l t r a t i o n  bas ins  ranged from one week 
f lood ing  and t h r e e  weeks dry ing  i n  win ter  t o  two weeks f lood ing  and two 
weeks dry ing  i n  suminere The average hydraul ic  loading of t h e  f o u r  
10-acre bas ins  w a s  82 m per  year.  O f  t h i s  amount, 21 m o r  26% i n f i l -  
t r a t e d  i n  t he  f i r s t  h a l f  oE t h e  year.  I n  June and Ju ly ,  t h e  s u r f a c e  
s o i l  of t h e  bas ins  w a s  r ipped  wi th  a grader ,  which more than doubled t h e  
i n f i l t r a t i o n  r a t e s .  Based on these  r e s u l t s ,  it is pro jec ted  t h a t  
h y d r a u l i c  loading  r a t e s  of 90 m/year can be maintained,  even i f  r i p p i n g  
t h e  s u r f a c e  s o i l  must be repea ted  each year.  The c o s t  of r i p p i n g  i n  
1980 w a s  about $22/ a c r e  o r  only $0.18 per  ac re foo t  of increased  
h y d r a u l i c  loading  obtained.  This  is  an inexpensive way of i n c r e a s i n g  
t h e  hydrau l i c  c a p a c i t y  of t h e  system. The suspended s o l i d s  con ten t  of 
t h e  e f f l u e n t  e n t e r i n g  the  i n f i l t r a t i o n  bas ins  ranged between 5 and 25 
mg/R and averaged 13.4 ng/R. Thus, t h e  bypass channel i n  t h e  80-acre 
pond prevented growth of a l g a e  i n  t h e  sewage e f f l u e n t  and a s s o c i a t e d  
c logging  of t he  s o i l  i n  t h e  i n f i l t r a t i o n  basins .  

Depth t o  groundwater below t h e  bas ins  ranged from 3 t o  1 3  me The r i s e  
of  t h e  groundwater mound due t o  f looding  the  c e n t e r  bas ins  was used t o  
c a l c u l a t e  t h e  t r a n s m i s s i v i t y  of t he  a q u i f e r ,  y i e l d i n g  a va lue  of 84,000 
m2/day. Based on t h i s  r e s u l t  and on da t a  from previous w e l l  pumping 
t e s t s ,  a design va lue  of 50,000 m2/day i s  suggested f o r  t h e  t ransmiss i -  
v i t y  oE t h e  l o c a l  a q u i f e r .  

The renovated water pumped from var ious  we l l s  i n  t h e  p r o j e c t  showed an 
average  suspended s o l i d s  content  of 1 t o  2 m g / R  and an  average s a l t  
con ten t  of 785 E I ~ / ~ .  The l a t t e r  was 44 mg/R h igher  than  t h a t  of t h e  
secondary sewage e f f l u e n t .  The t o t a l  N concent ra t ion  of t h e  secondary 
e f f l u e n t  averaged 1 7  mg/R (15.6 as ammonium) and t h a t  of t h e  renovated 
water  from the product ion w e l l  i n  t h e  cen te r  of t h e  p r o j e c t  5.3 mg/R 
(5.2 as n i t r a t e ) .  Thus, 69% of t h e  n i t rogen  i n  t h e  sewage water  w a s  
removed by t h e  so l l - aqu i f e r  system. Phosphate removal was 92% (from 
5 t o  0.42 L T / R ) .  Fecal  co l i form concent ra t ions  i n  t h e  renovated water  
were h igher  than before ,  poss ib ly  a s  a r e s u l t  of breaking up t h e  s u r f a c e  
s o i l .  The a ~ r s r a g e  f e c a l  c o l i f o r n ~  concent ra t ion  i n  t h e  renovated water  
from t h e  c e n t e r  w e l l  w a s  24/100 mR,  but peaks of 140 and 160/100 mR were 
a l s o  observed Ch lo r ina t ion  of t he  sewage e f f l u e n t  , which was s t a r t e d  by 
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t he  t rea tment  p l a n t  i n  November 1980, should reduce f e c a l  c o l i f o n n  counts  
i n  t h e  renovated water.  Virus concen t r a t ions  i n  t he  renovated water ,  
u s ing  samples of 800 t o  2000 l i t e r s ,  averaged 0-15 PFU/100 9, i n  January 
and 1 PFU/100 R i n  June. To ta l  o rganic  carbon concen t r a t ions  averaged 
9.3 mg/R f o r  t he  secndary sewage effluent:  and 1.9 mg/R f o r  t he  renovated 
water  from the  c e n t e r  wel l .  Since the  BOD of renovated sewage water  was 
e s s e n t i a l l y  zero  i n  previous s t u d i e s ,  most of t h e  r e s i d u a l  o rgan ic  car-  
bon i n  t h e  renovated ~ a t e r  must be due t o  r e f r a c t o r y  o r  t r a c e  o rgan ic s ,  
which could inc lude  carcinogens o r  o the r  t o x i c  compounds. 

I d e n t i f i c a t i o n  of t h e  t r a c e  o rgan ic s  i n  renovated water and sewage 
e f f l u e n t  by PLce Univers i ty  and Stanford Univers i ty  showed a wide 
spectrum of organic  compounds, ranging from t h e  v o l a t i l e  t r iha lomethanes  
t o  t h e  heav ie r  compounds l i k e  chlorobenzenes and o t h e r  a romat ics ,  
p l a s t i c i z e r s  ( p h t a l a t e s ) ,  and i n s e c t i c i d e s  (DDT, l i ndane ) .  Renovated 
water  ob ta ined  wi th  a s p e c i a l  g l a s s - t e f lon  sampling pump t o  minimize 
contaminat ion  of t h e  water  wi th  extraneous organic  carbon y i e lded  essen- 
t i a l l y  t h e  same spectrum of o rgan ic s  as t h a t  sampled f r o n  t h e  commercial 
pumps i n  t h e  wel l s .  Thus, t h e  pumping rates from the  w e l l s  were suf-  
Eici .ent ly  l a r g e  f o r  t he  i n t r o d u c t i o n  of o t h e r  organics  from o i l ,  g rease ,  
p l a s t i c  components i n  t h e  pump, i n s u l a t i o n  of e l e c t r i c a l  w i re ,  e t c . ,  t o  
b e  i n s i g n i f i c a n t .  

Concent ra t ions  of t r ihalomethanes were below t h e  maximum i n t e r i m  l i m i t  
of 0.1 mg/R f o r  d r ink ing  water.  Concentrat ions of o t h e r  compouc\ds were 
on the  o rde r  of nanograms t o  micrograms per  l i ter.  Removal processes  of 
t r a c e  o rgan ic s  i n  the  so i l - aqu i f e r  system inc lude  v o l a t i l i z a t i o n  (mostly 
i n  t h e  in£ i l t r a t i o n  bas ins  and f o r  the  l i g h t e r  compounds l i k e  c h l ~ r o f o r m  
and t e t r a c h l o r o e t h y l e n e ) ,  b i o l o g i c a l  decay (some degrade under ae rob ic  
c o n d i t i o n s ,  o t h e r s  under anaerobic condi t ions ,  and some no t  a t  a l l ) ,  and 
a d s o r p t i o n  t o  t h e  s o i l  and a q u i f e r  ma te r i a l s .  Because of t h e s e ,  
TOC-concentrations i n  renovated water tend to  decrease  wi th  i n c r e a s i n g  
time and d i s t a n c e  of t r a v e l  i n  t he  so i l - aqu i f e r  system. 

Trace o rgan ic s  a r e  t he  main concern i n  t he  potab le  r euse  of renovated 
sewage e f f l u e n t *  Thus, whi le  t he  renovated water from t h e  23rd Avenue 
r a p i d - i n f i l t r a t i o n  p r o j e c t  would be s u i t a b l e  f o r  u n r e s t r i c t e d  i r r i g a t i o n  
and r e c r e a t i o n a l  l akes ,  po tab le  use  of t h e  water  would r e q u i r e  a d d i t i o n a l  
t rea tment .  This  t rea tment ,  however, would be much more e f f e c t i v e  and 
economical when appl ied  t o  t he  renovated water from t h e  s o i l - a q u i f e r  
t rea tment  system than t o  the  sewage e f f l u e n t  d i r e c t l y  f r o n  t h e  t rea tment  
p l a n t .  

The s t u d i e s  on the  q u a l i t y  of water i n  t h e  vadose zone us ing  s o i l  
samples from dry-well d r i l l i n g  i n  t h e  S a l t  XIiver Valley i n d i c a t e d  t h a t  
below an area wi th  a long h i s t o r y  of i r r i g a t i o n ,  t h e  s a l t  con ten t  of t h e  
water  was 2570 n g / R  (average f o r  t h e  top 52 f t  of t h e  vadose zone). 
S ince  the  s a l t  conten t  of the  i r r i g a t i o n  water had averaged 627 mg/R, 
t h e  i r r i g a t i o n  e f f i c i e n c y  was around 76% (assuming no p r e c i p i t a t i o n  o r  
d i s s o l u t i o n  of s a l t  i n  the  vadose zone)" The n i t r a t e  conten t  of t h e  
water  i n  t he  vadose zone a t  t he  same s i t e  was 204 mg/R (45 mg/R a s  
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N03-N), which i s  almost 5 times a s  high a s  the  maximum l i m i t  f o r  
d r i n k i n g  water .  Samples from another  dry wel l  t h a t  was i n s t a l l e d  a t  t he  
edge of a church parking l o t  showed t h a t  t he  water i n  t he  top  66 f t  of 
t h e  vadose zone contained 765 mg/R s a l t  and 103 mg/R n i t r a t e .  Thus, t h e  
s a l t  con ten t  was lower (probably because of i n f i l t r a t i o n  of r a i n f a l l  
runoff  from t h e  parking l o t ) ,  but  t h e  n i t rogen  content  w a s  s t i l l  r e l a t i -  
v e l y  h igh  (poss ib ly  due t o  f e r t i l i z a t i o n  of the  landscaped a r e a  around 
t h e  parking l o t ) .  Addi t iona l  s t u d i e s  a r e  planned t o  o b t a i n  a b e t t e r  
i d e a  of water  q u a l i t y  i n  t h e  vadose zone and i t s  p o t e n t i a l  e f f e c t  on t h e  
q u a l i t y  of underlying groundwater, 

PERSONNEL: Herman Bouwer, Robert C. Rice, and Gladys C. Auer 
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TABLE 1. VIRUS CONCENTRATIONS AND ISOLATES FROM CONCENTRATED 

RENOVATED WATER SrlEfPLES OF THE 23rd AVENUE PROJECT 

Sampling Sample Vi rus  Count V i ruses  

d a t e  - Well s i z e  R - (PFU/100 R )  - i s o l a t e d  

2 Jan.  1980 North 800, 2000 0.1 Coxsaclcie-B3 

10  Jun. 1980 North 1200, 1200 1.5 Coxsackie-B4 

Center  1200, 1200 2.3 Polio-1 
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TAELE 2 (continued) 

l,6-Dichloro-1,5-cyclooct a d' xcne 7 91 
2,3-Dihydro-111-indcn-1-one 866 
1-(4-3thylphenyl)echanone 716 
p-Isopropylphcnol 491 
a-Terpineol 581 
2-Nethyl naphthalene 5 81 
i-$iethylnaphthalcne 811 
3,3-~ime +n ,' y lhexane 850 
p-t-Butylphenol 748 
p-t-Butylphenol 7 22 
a-t-Butylphenol 849 
p-t-Eutylphenol 738 
IH-Indolc 6G2 
Skatole 901 
Undecane 773 
3,5,24-Trimethyltetracontane 742 
Dimethylphtlialate 585 
1,2-Dihydro-2,2,4-tri-mcthylquinoline 720 
2,6-Di-t-butyl-p-benzoqulnone 760 
0-Decylhydroxxylanine 6 87 
2,6-Di-t-butyl-p-cresol 887 
t-Butyl-4lnethoxyphcnol 687 
a-Eydroxybenzeneace tic acid 779 
1,6-Dioxacyclododecane-7912-dione 735 
o-Phenylphenol 7 51 
Butoxymethylbenzene 760 
Nonylbenzene 808 
Diethylphthalate 905 
2-Methylthiobenzothlazole 711 
Benzophenone 894 
2-Propyl-1-heptanol 803 
p-(1, 1,3,3-~etramerh~lbut~l)~hen01 923 

(continued) 
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TABLE 2 (continued) 

61. p-(2,2,3,3-Tetranethy1butyl)phenol 896 
G2. N-(3-3icthylphenyl)acztaaide 773 
6 3  .. iicxadecane 7 03 
6 4 ,  Hesatriacontane 852 
65* Bexatriacontane 850 
6 6 .  4,6,8-Trimethyl-1-nonene 849 
67. ~ibutylphthalate 957 

* P - indicates compound was present, but at too low concentration to estimate* 
** IP - indicates that the corresponding GC and GC/MS peak could not be re isblg separated from background 

peaks. 
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TABLE 3. REFRACTORY VOLATILE ORGANICS (iig-l'l) BY CLASS, 23RD AVE. 

PROJECT, PHOENIX, ARIZONA 

Purity 3 680 
Average Average 

Class (Typical Example) sewage 18-111 W ARVOX 

Chloroalkanes (tetrachloroethylene) 

Chloroaromatics (p-dichlorobenzene) 

Alkylbenzenes (0-xyfene) 

Alkylphenols (p-isopropylphenof) 

hlkylnaphthalenes (2-methylnapthalene) 

Alkanes (hexatriacontane) 

Alcohols (2,4-dimethyl-3-hexanol) 

Ketones (2,6-d*-butyl-p-benzoquinone) 

Phthalates (dibutylphthalate) 

Indoles , Indenes (IEf-indole) 

Amides (N-[3--methylphenyl]acetarnide) 

Alkoxyaronatics (butoxymethylbenzene) 

TOTAL 
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Chloroform 1,1,1 Trichloroethane Trichloroethylcne Tctrachloroethylene 
CHC13 C13CCH3 CL2C=C&1H C12C=CC12 

Sample Sanples Avco Samples Ave . Samples Ave . Samples Ave. 

h s i n  1 inflow 4*92 5.06 4 . 08 4*28 1*54 1,64 . 6,44 6 92 
2/28/80 5 el9 4.48 1 73 7.40 

Basin 1 outflow lw28 1.29 
2/28/80 1.30 

N 
N 

Basin 4 inflow 
.P 2/29/80 

Basin 4 outflow 
2/29/80 

North ifell 
2/28/80 

North Well 
2/29/80 
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Table 5. Resulss of closed-loop stripping ~ndlysis (CLSA). ng/e 

Bash 1 2/28/80 %sin 4 2/29/80 18- We11 18- Well 30- W d l  North Wsll tiorth Well 
Csnpound 1nElov Outflow Xnelow Oucflow -- 2/23/80 2/29/80 

'~th~lbenzene C8Hlo 

aeta and para xylana 
C8U10 

Unknown 

ortho xyleno Cgfllo 

nand dodecane . 
C12H26 

Unknown (tso*butylu~Chyl 
acecal C7H1602?) 

2.2.4-trimethyl heptma 
CI0H22 

C3-benzene CgU12 

Cj-benzenc C9B12 

Udcnown 

C3-benzene Cg812 

C1C8UL7 (inreroal std.) 

Cg-benzene CgHi2 

C1,3-dich~orobrnzene 
CgHqC L2 

'1,4-dtchlotobe<\rene 
C6&,CL2 

'1,2-dichlarobenzone 
C~H4C12 

Unknown 

'1,2,4-trichlorobenzras 
c6113c13 

'naphthalane CLOHg 

CLC12f125 (incetnaL std.) 

Unknown - 
Unknovn 835 

un$novn - 
CtC16H33 (internal atd.) 220 

Quantified usins response fnctors determined with standards. 
All o:her concentrations are relacive to the internal standard CIC12H25 (responue factor - 1.0)'. 
Beloi detection lialt of 10 ng/~. 

Evidence: XS comparison. E. Stenhagen, S. Abrahamson, F. W. PtcLaEEercy (eds), RegLstcy oE Harr Spactrnl Data. John Wlley C 
Sons, Sew York, NY. 1974. 
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Table 6. Results oE solvrnc extract analysis (SEX). * ng/l 

B R S ~  1 2/26/80 Basin 4 2/29/80 18- Well 18-o Well 30- Uell North Well 2;orth fie11 
1nCLow 0utfZow Xnflou ' 0uctlow 77%ET" 77TYjlW 2/28/80 2/28/dO 2/29/80 

Unknown 

Unknown 

+2,3,5,6-tetrachLoroanisole 
C7HbOCl4 

hiechyl phcimlate CL2HllrO; 

*2,3,4,5-cecrachloeoanisole 
C7H40Cl4 

~pan~ach~oroan~sola 
C7X3OCl5 

+lindane C6HgC16 

Unknown 

dlisobutyl phthaLata 
C~6tt2204 

Unknown 

Unknown 

Unknown 

Unknown 

"DOT CL~H9C15 

hexabroslobenzene (Internal 
Std) CgBr6 

Unknown 

*d.Lethylhexyl pitehalnte 
C24H3e04 

* 
Xdenciiication based on reeencion cine. 

QuanciEied uslng response factors determined with standards. 
All  other concrntracfons are, relative to the Pntetnrl standard hexabromobanzene. 

0 

- BeLou decectlon limit of 10 ng/%. 
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Table 7. Water content, s a l t  concentration of soil miter,  and p r c e n t  sand, silt, and 
clay a t  d i f ferent  dep ths  f o r  t h e  Alma School and Warner d r y  w e l l ,  
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Table 8, Uatcr content, s a l t  concentration of soil wzter, pB of soil water, and percent 
sand, silt, and clay at different depths f o r  the 18th Street and Xissouri dry 
well. 
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Figure 1, I n f i l t r a t i o n  r a t e s  f o r  bas in  1. 
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JAN F E ~  MAR APR MAY JUN ' JUL AUG SEP OCT.  HGV DEC 

Figure  2. I n f i l t r a t i o n  r a t e s  f o r  basin 2. 
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AVERAGE 

J A N  F E B 1  M A R .  A P R  MAY . J U N  JUL A U G  SEP OCT NOV DEC 

Figure  3,  fnf i l t r a t i o n  rates f o r  basin 3 ,  
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AVERA 

t 

JAN FEB MAR APR MAY JCM JUL AUG SEP OCT DEC 

Figure 4 .  I n f i l t r a t i o n  raws f o r  bas in  4 .  
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JAN FEE3 MAR APR MAY JUN AUG SEP OCT NOV DEC 

Figure  6. Water level eleirations i n  t h e  Borth, Center,  and South Well;. 
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JAN FEB MAR APR MAY J U N  JUL AUG SEP OCT NOV DEC 

Figura  7 .  Water l e v e l  e l e v a t i a n s  i n  t h e  18-rn, 24-m, and 30-m Wells. 
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Figure  8. South-north groundwater l e v e l  p r o f i l c s  below i n f i l t r a t i o n  b a s i n s .  
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JAN FEB MAR 

Figure  9. Suspended solids concentration ir, secondary effluent and renovatod water from t he  
Center fkll', 
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Figure  LO. Suspended so l id s  concentrat ion i n  secondary e f f l uen t  and renovated water from the 
18-m We1 1, 
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Figure 11. Total  s a l t  content i n  secondary sewage e f f luen t .  
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Figure  12. Nitrogen concentrations in secondary sewage effluent.  
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FLOODING PERIODS 
- - -. - - 

J A N  FEB MAR -APR MAY JUN JUL AUG SEP OCT NOV DEC 

Figure 13. N i t r a t e  and amonium ni t rogen concentra t ions  i n  renovated water from t h e  North Well. 
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BASIN I - - 
BASIN 2 - - 

- BASIN 3 -- 
BASIN 4 

J A N  FE'B M A R  APR MAY J U N .  JUL AUC; . SEP oci NOV BEG 

Figure 1 4 ,  Hitrnte '2nd at~nonium nitrogen concentrations i n  renovated water from the  18-m Well. 
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Figure  15, Nit ra te  and ammonium nitrogen concentrations i n  renovated water from the  Center !?ell. 
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J A N  FEB ' ' M A R  APR MAY JUN J U L  AUG SEP OCT NOV DEC 

Figure  16. Phosphate phosphorus concentra t ions  i n  secondary e f f l u e n t  and i n  renovated water 
from var ious  w e l l s .  

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



FLOODING PERIODS 
- - - - - 

JAN FEB MAR APR MAY JUN JUL AUG NOV DEC 

n. r i g u r e  18. Fecal co l i forn  concentrations i n  renovated water from Center 'Iv'ell, 
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Figure  19. Fecal c o i i f o m  concentrations i n  renovated water from J.8-n %ell, 
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Figure  20, T o t a l  organic  carbon concentra t ions  i n  secondary e f f l u e n t  and in renovated water 
< froa North Well. 
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Figure 21. T o t a l  organic  carbon concentra t ions  i n  secondary e f f l z e n t  and i n  renovated water 
from Center Well. 
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Figure 22. ' ~ o e a l  organic carbon concentrations i n  secondary eff luent  and i n  renovated water 
from 18-m I6eLL 
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TITLE: COLUNN STUDIES OF THE CHEMICAL, PHYSICAL AND BIOLOGICAL PROCESS OF 
WASTEWATER PdNOVATION BY PERCOLATION THROUGH THE SOIL. 

NRP : 20790 CRIS WORK UNIT: 5510-20790-004 

INTRODUCTION: 

Work on the  e f f e c t  of d i f f e r e n t  salts on v i r u s  adso rp t ion  was cont inued 
du r ing  1900. I n  a d d i t i o n  v i r u s  movement during s a t u r a t e d  and unsa tura ted  
f low w a s  compared and t h e  e f f e c t  of s ludge a d d i t i o n s  t o  t he  s o i l  on v i r u s  
movement was inves t iga t ed .  The a d d i t i o n  of s ludge co the  s u r f a c e  l a y e r  of 
s o i l  i n  t h e  columns was t e s t e d  as a  method t o  i nc rease  d e n i t r i f i c a t i o n *  
Cooperat ive p r o j e c t s  a t  Baylor Univers i ty  on v i r u s  movement i n  d i f f e r e n t  
s o i l s  were continued. 

PROCEDURE: 

S a l t  e f f e c t s  on v i r u s  adsorp t ion .  To s tudy t h e  e f f e c t  of d i f f e r e n t  anions 
on  v i r u s  adsorp t ion ,  s o l u t i o n s  of va r ious  s a l t s  were appl ied  t o  t h e  loamy 
sand column and samples were e x t r a c t e d  f o r  v i r u s  assay  and f o r  conduc t iv i ty  
and Ca measurements a s  i n  prev ious  s t u d i e s .  Each s o l u t i o n  was app l i ed  f o r  
3 days and one s e t  of samples was e x t r a c t e d  a t  t h e  d i f f e r e n t  depths  on t h e  
second day of f looding  and 2 sets on the  t h i r d  day. The fo l lowing  s a l t s  
were used: T;ialJ03-lmPi, N ; I L ~ S O ~ - ~ ~  and 5d1, KfI$?OLI-lmM and CaNO3-2~.I1 Also, 
two o t h e r  c a t i o n s  were used t o  complete the  s tudy on the  e f f e c t  of d i f -  
f e r e n t  c a t i o n s *  AlCl3 was app l i ed  at 0,2 and NW4Cl a t  1 m M / 1 0  Then 
A l C l 3  was added t o  sewage water a t  concent ra t ions  of 0.02, 011 and 0.5 &/I 
t o  determine i f  t h e  e f f e c t  of A l  could be measured when o rgan ic  compounds 
i n  t he  sewage water i n t e r f e r e d  wi th  v i r u s  adsorpt ion.  

Vi rus  movement dur ing  s a t u r a t e d  and unsa tura ted  flow. To s tudy  v i r u s  move- 
n e n t  dur ing  unsa tura ted  flow, sewage e f f l u e n t  seeded wi th  p o l i o v i r u s  was 
metered onto t h e  s u r f a c e  of t h e  s o i l  column using a p e r i s t a l t i c  pump at  the  
r a t e  of 1-8 ml/mLn (32,5 cm/day). S o i l  water t ens ion  was measured wi th  
tens iomerers  a t  the 2, 20, and 40 cn depths.  Samples were e x t r a c t e d  f o r  3 
consecut ive  days beginning on t h e  2nd day of f looding.  Then t h e  app l i -  
c a t i o n  r a t e  was increased  t o  2.72 ml/min (49 cmlday) and t h e  same sampling 
procedure was repeated.. Then the  column was flooded us ing  a 10  cm head of 
water t o  provide e s s e n t i a l l y  s a t u r a t e d  flow. The column was sampled on 3 
f lood ing  days f o r  v i r u s  a s say*  Then the  overflow device  a t  t h e  bottom of 
t h e  column was r a i s e d  t o  a p o s i t i o n  l e v e l  wi th  t h e  s o i l  s u r f a c e *  The 
column w a s  capped and a  87 cm head of w a t e r  was appl ied  us ing  a  tube  con- 
nec ted  t o  n jug e leva ted  above the  s o i l  columno This  procedure was used t o  
a s s u r e  complete s a t u r a t i o n  of t h e  s o i l .  Secondary e f f l u e n t  seeded wi th  
p o l i o v i r u s  was appl ied  and t h e  column was sampled on 3 f lood ing  days. The 
i n f i l t r a t i o n  r a t e  was 38 cm/dayo This  f looding  procedure was repea ted  
us ing  a  125 cm head t o  provide an i n f i l t r a t i o n  r a t e  of 54 cm/day and 
samples f o r  v i r u s  assay  were taken i n  a  s i m i l a r  manner. 
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E f f e c t  of s ludge  on v i r u s  movement and n i t rogen  removed. Dry s ludge  was 
mixed i n  t he  top  5 cm of two s o i l  columns a t  a p p l i c a t i o n  r a t e s  equ iva l en t  
t o  50 mt/ha (40 g s ludge added). The columns were flooded w i t h  sewage 
water  on schedules  of 9 days f looding  a l t e r n a t e d  with 5 days dry .  Vi ruses  
were seeded i n  t he  sewage e f f l u e n t  on the  6 th  day of t h e  f i r s t  f l ood ing  
c y c l e  and on the  8 t h  day of t h e  4th cycle .  Samples f o r  v i r u s  a s say  were 
e x t r a c t e d  on the  7 th  and 8 t h  days of t he  f i r s t  cyc l e  and on t h e  9 th  day of 
t h e  4 th  cyc le .  Sludge was mixed i n  t h e  top  10  cm of another  column at the  
r a t e  of 250 mt/ha (200 g sludge added). The column was f looded wi th  sewage 
water  on a 9 day f lood ing  and 5 days dry ing  schedule.  The sewage w a s  
seeded wi th  v i r u s  on the  6 th  and 7 th  days of cyc le  1 and on the  7 t h  and 8 t h  
days of c y c l e  2. Three sets of samples f o r  v i r u s  assay  were taken dur ing  
c y c l e  1 and 2 s e t s  d u r i i ~ g  cyc le  2, The outf low from- a l l  t h r e e  columns was 
sampled d a i l y  f o r  n i t rogen ,  phosphate and organic  carbon ana lyses .  
P e r i o d i c a l l y  samples f o r  organic  carbon ana lyses  were e x t r a c t e d  a t  va r ious  
depths.  

RESULTS AND DISCUSSION: 

S a l t  e f f e c t s  on v i r u s  adsorp t ion .  The maximum pene t r a t ion  depth  was pro- 
port: ional to t he  i o n i c  s t r e n g t h  of t h e  s o l u t i o n s  of va r ious  an ions  (Fig. 
1). However, t h e  curve was d i f f e r e n t  than the  one f o r  c h l o r i d e  s a l t s  (Fig. 
2). N i t r a t e s ,  s u l f a t e s ,  and phosphates were more e f f e c t i v e  than  c h l o r i d e s  
i n  promoting v i r u s  adsorp t ion .  Tap water  was more e f f e c t i v e  than  c h l o r i d e s  
bu t  l e s s  e f f e c t i v e  than  t h e  o t h e r  s a l t s  because i t  i s  a mixture  of a l l  of 
t h e s e  s a l t s .  Virus adso rp t ion  from secondary sewage e f f l u e n t  was s i m i l a r  
t o  t h a t  from c h l o r i d e  s a l t s .  Apparently t h e  p o s i t i v e  e f f e c t  of t h e  
n i t r a t e ,  s u l f a t e ,  e t c .  i n  sewage water on v i r u s  adso rp t ion  was about equal  
t o  t h e  nega t lve  a f f e c t  of organic   compound.^. 

Aluminum and an~moniuni were more e f f e c t i v e  than c a t i o n s  t e s t e d  p rev ious ly  i n  
promoting v i r u s  adso rp t ion  (Fig.  3).  Viruses  appl ied  i n  0.2 mM MCl3  
s o l u t i o n s  d id  not  p e n e t r a t e  below 20 cm i n  the  s o i l  column. \&en 0.1 mM 
AlC13 w a s  added to secondary sewage e f f l u e n t  v i r u s e s  d id  n o t  p e n e t r a t e  
below 40 cm. Therefore t h e  e f f e c t  of aluminum was s l i g h t l y  less i n  sewage 
water  due t o  t he  organic  content  of sewage and t o  the  p r e c i p i t a t i o n  of a l u -  
minum a s  aluminum phosphate,  but i t  s t i l l  increased  v i r u s  a d s o r p t i o n  
cons lde rab ly  . Inc reas ing  t h e  aluminum concent ra t ion  t o  0.5 mM had l i t t l e  
a d d i t i o n a l  e f f e c t .  Adding 0,02 &fA1 t o  sewage water had l i t t l e  e f f e c t  on 
v i r u s  adso rp t ion  probably because most of t he  aluminum was p r e c i p i t a t e d  as 
alumii~um phosphaze. F locs  could be e a s i l y  seen when 0.5 nM aluminum was 
added but  were not  n o t i c e a b l e  a t  lower aluminum concen t r a t ions .  These d a t a  
i n d i c a t e  t h a t  i t  may be p r a c t i c a l  t o  add small concen t r a t ions  of aluminum 
s a l t s  t o  sewage water t o  prevent  v i r u s  movement through porous s o i l s  wi th  
h igh  i n f i l t r a t i o n  r a t e s .  Another experiment t o  determine i f  v i r u s  movement 
through the  coarse  sand column a t  an i n f i l t r a t i o n  r a t e  of 4.5 m/day could 
be prevented by a d d i t i o n  of alumLnum t o  sewage has  been conducted but  t he  
samples have not  been analyzed a t  Baylor. 

NNfhC1 s o l u t i o n s  were a l s o  e f f e c t i v e  i n  promoting v i r u s  adso rp t ion  (Fig.  
4) .  Both 'a203 and NHfbC1 were much more e f f e c t i v e  than KC1 because v i r u s  
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p e n e t r a t i o n  wi th  both s o l u t i o n s  w a s  l i m i t e d  t o  20 cm a s  compared t o  240 c m  
wi th  KCl .  Apparently i ons  which a r e  r a d i c a l s  a r e  more e f f e c t i v e  than ions  
composed of s i n g l e  atoms i n  promoting v i r u s  adsorpt ion.  

Vi rus  movement dur ing  s a t u r a t e d  and unsa tu ra t ed  flow. Virus movement 
du r ing  unsa tura ted  flow w a s  much l e s s  than  during s a t u r a t e d  f low (Fig. 5). 
The v i r u s  p e n e t r a t i o n  depth a t  one-third and one-half t h e  maximum flow 
r a t e s  were about t h e  same al though t h e  r e s u l t s  were s l i g h t l y  e r r a t i c  f o r  
t h e  lower flow r a t e  (Table 1 ) .  The maximum pene t r a t ion  depth  was 40 cm a s  
compared t o  t h e  usua l  depth of 160 cm wi th  t h e  column under s a t u r a t e d  f lowo 

The tens iometers  showed t h a t  t h e  column was e s s e n t i a l l y  s a t u r a t e d  when it 
w a s  opera ted  wi th  t h e  usua l  LO cm head and cont inuously flooded. Rais ing  
t h e  column o u t l e t  t o  the  top  of t he  column and us ing  a  h igher  head of 87 o r  
125 cm made c e r t a i n  t h a t  t he  columns were completely s a t u r a t e d  bu t  had 
l i t t l e  o r  no a d d i t o n a l  e f f e c t  on v i r u s  adso rp t ion  (Table 2). The d i f f e r e n t  
f low r a t e s  a l s o  seemed t o  have l i t t l e  e f f e c t  on v i r u s  adso rp t ion .  These 
r e s u l t s  show t h a t  very l i t t l e  v i r u s  movement would be expected i n  s o i l s  
where cropland i s  i r r i g a t e d  wi th  sewage' water  because most of t h e  s o i l  
water  movement would be by unsa tura ted  flow. Movement i n  s e p t i c  tank  
f i e l d s  would a l s o  be p r imar i ly  by unsa tura ted  flow and v i r u s  movement 
should be l i m i t e d  the re  a l s o o  

E f f e c t  of s ludge  on v i r u s  movement and n i t rogen  removal. Mixing s ludge 
i n t o  t h e  s o i l  su r f ace  seemed t o  reduce v i r u s  adso rp t ion  near t h e  s u r f a c e  
bu t  v i r u s  p e n e t r a t i o n  was only sSght1y increased  (Tables  3 and 4). The 
h ighe r  a p p l i c a t i o n  r a t e  d id  no t  appear t o  i nc rease  v i r u s  p e n e t r a t i o n *  
Ifowever, more v i r u s  movement might have been measured i f  samples had been 
taken  dur ing  t h e  f i r s t  day of t he  f looding  cyc le  when carbon concen t r a t ions  
were at a  maximum. The increased  v i r u s  movement probably was due t o  i n t e r -  
f e r ence  by t h e  organic  carbon from the  sludge. 

Nitrogen removal by column 8 flooded wi th  secondary sewage e f f l u e n t  a t  an 
i n f i l t r a t i o n  r a t e  of 30 cm/day was increased  from about 25% t o  about 55% by 
i n c o r p o r a t i n g  d r i e d  s ludge i n  t h e  t o p  5 cm of s o i l  at t h e  rate of 40 mt/ha 
(Fig.  6). I nco rpora t ing  t h e  same amount of s ludge i n  a column 2 w i t h  an  
i n f i l t r a t i o n  r a t e  of 60 cm/day decreased t h e  n i t rogen  removal f o r  s e v e r a l  
c y c l e s  be fo re  t he  n i t r o g e n  removal s t a b l i z e d  a t  34% which was about  double 
t h e  i n i t i a l  r a t e .  I n f i l t r a t i o n  r a t e s  were not  a f f e c t e d  by i n c o r p o r a t i o n  of 
s ludge.  Tncorporat ion of s ludge  a t  t h e  r a t e  of 200 mt/ha i n t o  t h e  top  10  
cm of columri 5 t'imi: was f looded with sewage water  at t h e  r a t e  of 75 cm/day 
r e s u l t e d  i n  about a  50% i n c r e a s e  i n  t h e  output  of n i t rogen  from t h e  column 
(Table 5). This  p e r s i s t e d  f o r  8 cyc le s  o r  u n t i l  t he  end of t h e  year .  

The combination of high i n f i l t r a t i o n  r a t e s  and high s ludge a p p l i c a t i o n  
r a t e s  probably caused t h e  n i t r o g e n  output  from the  column. The d i p  i n  t h e  
n i t r o g e n  removal f o r  cyc l e s  6-11 f o r  the  columns with t h e  40 mt/ha s ludge  
r a t e  probably was due t o  n i t rogen  from the  decomposing sludge. The column 
wi th  t h e  30 cn/day flow r a t e  allowed s u f f i c i e n t  de t en t ion  time and mixing 
f o r  d e n i t r i f l c a t i o n  of most of the  n i t r a t e  whereas much oE it moved through 
t h e  60 cm/day column. Theregore these  columns demonstrated a g a i n  t h a t  
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d e n i t r i f i c a t i o n  i s  governed by a  combination of f a c t o r s  i nc lud ing  i n f i l t r a -  
t i o n  r a t e ,  C:N r a t i o ,  and d e t e n t i o n  time. Sludge decomposition r a t e s  would 
d i f f e r  i n  t he  f i e l d  but t h e  columns i n d i c a t e  t h a t  s ludge a d d i t i o n  would 
i n c r e a s e  N removal. Inco rpora t ion  of s ludge i n t o  the  s o i l  d id  i n c r e a s e  the  
o rgan ic  carbon content  of t h e  water a t  var ious  depths (Tables  6 and 7) .  
These r e s u l t s  suggest  t h a t  mixing s ludge i n  the  su r f ace  s o i l  of groundwater 
recharge  bas ins  would i n c r e a s e  the  N removal r a t e  thereby i n c r e a s i n g  t h e  
r a t e  at which wastewater could be app l i ed  and decreas ing  t h e  c o s t  of t h e  
renovated water .  

Sone phosphate w a s  r e l ea sed  from the  s ludge mixture dur ing  t h e  f i r s t  
f l o o d i n g  cyc le  and peaked a f t e r  3 cyc le s  (Figures  7 and 8). The phosphate 
output  then  decreased wi th  output  equ iva l en t  t o  the' average pres ludge  con- 
c e n t r a t i o n  a f t e r  f i v e  cyc les .  By t h e  end of t he  year t h e  phosphate con- 
c e n t r a t i o n s  i n  water  were about  t h e  same as those i n  t h e  incoming sewage. 

S ~ ~ ~ R Y  AND CONCLUSION: 

Nitrate, s u l f a t e  and phosphate s a l t s  were more e f f e c t i v e  than  c h l o r i d e  
s a l t s  i n  promoting v i r u s  adsorp t ion .  Also aluminum and amnonium were more 
e f f e c t i v e  than  o t h e r  c a t i o n s  i n  s t i m d a t i n g  v i r u s  adsorp t ion .  Aluminum 
c h l o r i d e  s o l u t i o n s  a s  low as 0.1 df i n  sewage water l i m i t e d  v i r u s  penetra-  
t i o n  t o  t he  top  40 cm of s o i l .  This  information w i l l  be h e l p f u l  i n  pre- 
d i c t i n g  v i r u s  movement through d i f f e r e n t  s o i l s  when va r ious  k inds  of 
wastewater  a r e  appl ied .  These s t u d i e s  a l s o  suggest t h a t  it may be  prac- 
t i c a l  t o  add very  low concen t r a t ions  of some s a l t s  such a s  aluminum s u l f a t e  
t o  seuage i f  needed t o  l i m i t  t h e  movement oE v i r u s e s  through ve ry  porous 
s o i l s *  When p o l i o v i r u s  and f e c a l  co l i form concent ra t ions  were measured i n  
t h e  same samples from d i f f e r e n t  depths,  v i r u s  movement through t h e  s o i l  
column roughly p a r a l l e l e d  co l i form movenent. Movement of v i r u s e s  during 
unsa tu ra t ed  flow of sewage through s o i l  columns was much less than  dur ing  
s a t u r a t e d  flow. Viruses  d id  not  move below the  40 cm l e v e l  when sewage 
water  was app l i ed  a t  l e s s  than  t h e  maximum i n f i l t r a t i o n  r a t e  wh i l e  v i r u s  
p e n e t r a t i o n  i n  columns f looded wi th  sewage was a t  l e a s t  160 cm. Nitrogen 
removal by a  column flooded wi th  secondary sewage e f f l u e n t  a t  a n  i n f i l t r a -  
t i o n  r a t e  of 30 cm/day w a s  increased  from about 25% t o  about 55% by 
i n c o r p o r a t i n g  d r i e d  s ludge i n t o  t h e  top  5 cm of s o i l  at  40 mt/ha r a t e .  
These r e s u l t s  suggest  t h a t  mixing s ludge i n t o  the su r  Eace s o i l  of ground- 
wa te r  recharge  bas ins  would i n c r e a s e  the  N removal r a t e  thereby  al lowing a  
h ighe r  wastewater a p p l i c a t i o n  r a t e  and decreasing the  c o s t  of t h e  renovated 
water .  

PEZSONNEL: J. C. Lance, G. C. Auer 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Virus removed from sewage water by a s o i l  column dur ing  
unsa tura ted  flow. 

Flow Rate - cm/day 

Column Depth 
( c . 4  32.5 4 3 Average 

Percent  v i r u s e s  remaining 
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Table 2- Virus removal froin sewage water by a soil column 
during saturated flow. 

Flow Rate - cm/day" 
Column depth 

(em> 3 8 5 4 100 Average 
Percent viruses remaining 

Flow is almost saturated under normal flooding with 10 cm head; 
First two rates are with  outflow device raised to the top of the 
column and heads of 87 and 125 cm. 

Annual Report of the U.S. Water Conservation Laboratory



Table 3. Virus  concen t r a t i ons  a t  va r ious  depths  i n  column 
t r e a t e d  w i th  50 mt/ha of sludge. 

DEPTH COLUMN 2 COLUTIN 1 COLUMN 2 
(em> Day 7* Day 7 Day 8 Day 9 Day 9.3 

PFU/ml 

* I n d i c a t e s  7 th  day of 9 day f l ood ing  cycle .  
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Table 4. Virus concentrations in a column treated with 
250 mt/ha of sludge. 

CYCLE 1 CYCLE 2 

Depth Day 7 Day 8 Day 8.5 Day 8 Day 9 
(cm) 
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Table 5. Nitrogen removal r a t e s  of columns t r e a t e d  w i th  sludge. (Sludge 
added on 4/15 t o  Columns 2 and 8, and on 7/22 t o  Column 5) 

N Removal (%) 

Cycle Date Column 2 Column 5 Column 8 

* Columns dry over n igh t  
** Incomplete data 
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Table 6. Organic carbon concentrations at various depths and dates 
in 2 columns treated with 50 mt/ha sludge on 4/15/80*. 

Organic Carbon On: 

Depth 4-16-81 4-21-81 4-23-81 4-30-81 
Icm) C01.2 (201.8 (201.2 Col.8 C01.2 C01.8 C01.2 C01.8 

* Colunms were dried from 4/25 - 4/29 
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Table 7. Organic carbon concentrations at various depths in a column treated 
with 250 m ~ / h a  sludge on 7/23/80 before flooding with sewage water. 

Organic Carbon On: 

Column 
depth 7-24(1)* 7-25(3) 7-29(6) 7-31(8) 8-8(2) 8-15(9) 8-21(1) 8-29(9) 9-4(1) 9-19(2) 
(cm) 

* indicates number of days after flooding cycle began 
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Figure 1. Effect  of ionic  s t rength  of non-chloride so lu t ions  
on t h e  maximum depth of penetra t ion by v i ru se s  i n  
s o i l  columns. 

262 
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Figu re  2 .  E f f e c t  of i o n i c  s t r e n g t h  of  v a r i o u s  s o l u t i o n s  on t h e  
maximum dep th  of p e n e t r a t i o n  of v i r u s e s  i n  s o i l  
columns. 
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Figure  3.  Virus  adso rp t ion  by s o i l  columns f o r  v a r i o u s  concen- 
t r a t i o n s  of  A 1  s a l t s .  
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Figure  4 .  Virus  adso rp t ion  of s o i l  columns from s o l u t i o n s  
of KK03, K C I ,  and M-14C1. 
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Figure  5. V i r u s  adsorp t io i t  OF s o i l  columns f o r  saturated and 
unsaturated glow, 
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Figure 7 .  Average phosphate concent ra t ions  from column 2 with s ludge  added on 15 Apr i l .  
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T - W "  ,L.LLE: CHEMICAL I4ODIFICATION OF SOILS FOR HARVESTING PRECIPITATION 

IRP: 20810 CRJS WOW UNIT: 5510-20010-004 

LAEG?d!TORY STUDIES : 

h num5er of accelerated weathering studies was initiated and/or completed, 
evaluating variou~ types and combinations of soil stabilizers, repellents, 
322 re2ellent-additives, on several soils with different physical-chemical- 
~ineraloglcal properties. 

Coupling (antistripping) agents were evaluated for strengthening the 
par2fEi.n-soil interfacial bond under wet freeze-thaw cycle weathering, ' 

U.IYEI~ antistripping agents were evaluated. All improved paraffin 
weaClierzbilrity, but several were outstandingly better than others- Soils 
treaeed i&th c~rtain of the antistzip-paraffin mixtures were more than 10 
L - ~ r m s  as resistant to freeze-thaw cycle weathering conpared to the 
~ar~ffin-anly treatment. An effective soil treatment was obtained with 
only 0 Y 5  kg/& of paraffin containing 2% anthstrip. This is one-fourth the 
currently recom.ended paraffin application rate on soils subjected to 
Ereeze-thaw cycling. Stabilization of the soil with cellulose xanthate, 
- ~ i ~ d e  ,. from wastepaper, prior to treating with the paraffin-antistrip 
ni-rrtxmes, permitted a further reduction in the application rate of wax to 
only one-eighth the currently recommended rate. Details will be published 
5 . 2  'i-'ara,Ffir?-Wax Water Harvesting Soil Treatment Improved I?ith Antistripping 
Compounds (in progress), 

Prelim2nary investigations had suggested that soils treated with certain 
residual type waxes could withstand more weathering than paref f in-treated 
so9ls. T.ielve waxes as water-harvesting soil treatments were evaluated in 
t3e laboratory for wet freeze-thaw weatherability* Tnere were large dif- 
Zerecces in performance, but in general, residual type waxes outperformed 
refined paraffins, Weatherability of all the waxes was markedly improved 
t:: adding antistripping agent; nevertheless, differences between the waxes 
still existed. For the residual waxes, weatherability was generally posi- 
Civzlp related to the wax-congealing point. This poses an installation 
pro>letr\ in that the low melting waxes are easiest to apply, and soil tetn- 
peratuzas m y  not be hot enough to allow the l~igh congealing point waxes to 
Sji; and penetrate the soil- Details of this study will be published in, 
f),c:nidual. \.lax-Antistripping Agent Pfixtures for Itlater-Earvest Treatments 
( 5  1-1 progress) 

Iiurk contir,ued on the evaluation of natural plan'c and animal lipids as soil 
water-repeLlents. Several modified tallow and related compounds were 
evaluated as antistripping compounds for the paraffin treatment, and are 
i ior j  being evaluated as water-repellent soil fxeatnentsu Also, studies 
evaluathg candelilla-petroleum-wax mixtures continued* Results showed 
that w e t  freeze-thaw cycle weatherability was markedly better for certain 
aixeures than Tor candelilla-only treated soil. As with the other 
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wax-soil-treatment-weatherability studies, antistripping agent markedly 
improved performance. Details will be published in, Weatherability of 
~andelilla/~etroleum Wax Pfixtures (in progress) 

Weathering studies have been initiated to evaluate various soil stabilizers 
to be used in conjunction with water repellent treatments. Stabilizers, 
potentially, permit a lower repellent application rate, thus should reduce 
initial installation costs. Furthermore, if erosion is reduced, retreat- 
ment and other maintenance cost should be reduced. Stabilizers being eva- 
luated include: cement, cenent-plant by-products, lime, various salts, 
cellulose xanthate, and a number of commercial stabilizers and adhesives. 

An erosimeter (Figure 1) was built to increase the water erosive force over 
that available with the dripolator (see previous Annual Reports for 
descriptions of the dripolator). Furthermore, since the erosimeter uses a 
water jet stream which is pressure regulated, a wide range of erosive force 
is available 

As shown in Figure 1, the petri-dish samples (10 of them) are held in the 
sample chamber at an angle of 15 degrees - this to facilitate drainage of 
water away from the point of impingement of the water jet on the treated 
soil surf ace. The nozzles are Spraying Sytems Company, I$-/~V, 0,0003, 
which produce a 1 mu diameter water jet. The regulator is a Fisher 95L (5 
to 15 psi)- The nozzle ends are approximately 6-l/2 cm away from the soil 
surface. The plastic water pipe is adjusted so that the water jets impinge 
at right angles to and at the exact center of the soil surfaces. 

We presently are operating the system at 5 psi, but will be evaluating 
higher pressures to try shorten sample evaluation time* A study is also 
underway comparing weathering results from the erosimeter to those from the 
dripolator. 

FIELD STUDIES: 

Granite Reef 

All catchnents and respective treatments are listed in Table 1; respective 
runoff efficiencies for 1980 are listed in Table 2. Figure 2 is a revised 
nap of the Granite Reef test site. Table 3 is a running list of efficien- 
cies 13.1 year for all the wax plots at Granite Rzef I Treatment T-6 (slack 
wax applied in 1973) was removed because of low efficiency. Treatment R-2 
(paraffin applied in 1972) was retreated when efficiency dropped below 75%, 
by hand spreading (as before) chipped paraffin at 0.5 kg/fa2. The original 
treatment lasted 8 years. The other original wax plot, T-13, which is less 
subject to erosion, still averaged 90% runoff efficiency in 1980. 

An attempt was made to retreat the L-3 silicone plot. A preliminary soil 
stabilization treatment using cellulose xanthxte was unsuccessful because 
of poor solubilization of the cellulose. Another attempt will be made in 
1981. 
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The l i n e r  f o r  t he  l a r g e  pond (30 m i l  nylon r e in fo rced  bu ty l )  f a i l e d  i n  
1980, a f t e r  12 yea r s  s e rv i ce .  F a i l u r e  appeared t o  be due t o  a d i s s o l v i n g  
avay of t hc  b u t y l  by t h e  p a r a f f i n  wax, which had been app l i ed  f o r  evapora- 
t i o n  c o n t r o l  i n  1973. Since t h e  p a r a f f i n  cover a l s o  had a tendency t o  sub- 
merge and because t h e  wax would not spread t o  cover t h e  water  s u r f a c e  
because of low water  temperatures ,  t h i s  t rea tment  cannot be recommended f o r  
b u t y l  l i ned -  o r  f o r  pit-water s t o r a g e  u n i t s .  

Add i t i ona l  in format ion  on water-harvest ing f i e l d  t rea tments  appears  i n  t he  
Annual Report Sec t ion  on "Runoff Farming f o r  Drought-Tolerant Crops f o r  
Arid Environments." 

A number of coupl ing ( a n t i s t r i p p i n g )  agents  was l a b o r a t o r y  eva lua ted  f o r  
t h e i r  e f f e c t  on enhancing t h e  pa ra f f in - so i l  i n t e r f a c i a l  bond under f reeze-  
thaw-cycle and water-erosion weathering condi t ions .  dl of t h e  a n t i s t r i p s  
improved w e a t h e r a b i l i t y ,  but  t h e r e  were marked d i f f e r e n c e s  among them. 
C e r t a i n  of t h e  antistrip-paraffin-mixture t r e a t e d  s o i l s  were more than 10 
t i m e s  a s  r e s i s t a n t  t o  t h i s  type  weathering compared t o  t h e  paraf f in-only  
t rea tment .  An e f f e c t i v e  s o i l  t rea tement  was obtained wi th  only  one-half 

2 kglm of p a r a f f i n  con ta in ing  2% a n t i s t r i p -  S t a b i l i z a t i o n  of t h e  s o i l  w i th  
c e l l u l o s e  xan tha t e  (made from wastepaper) permit ted a f u r t h e r  r educ t ion  i n  
t h e  a p p l i c a t i o n  of t h e  p a r a f f i n - a n t i s t r i p  mixture t o  only  one-fourth 
kg/m2 of s o i l  surEace. This  is  one-eighth t h e  c u r r e n t l y  recommended r a t e  
a t  f i e l d  s i t e s  on s o i l s  s u b j e c t  t o  n a t u r a l  freeze-thaw cyc l ing .  

A number of r e s i d u a l  type  waxes was l abo ra to ry  eva lua ted  t o  compare t h e l r  
freeze-thaw cyc le  w e a t h e r a b i l i t y  t o  t h a t  of t h e  p a r a f f i n - s o i l  t rea tment .  
There were l a r g e  d i f f e r e n c e s  i n  performance, but i n  gene ra l  r e s i d u a l  type 
waxes outperformed r e f i n e d  p a r a f f i n .  Weatherabi l i ty  of a l l  t h e  waxes was 
markedly improved by adding an a n t i s t r i p p i n g  agent ,  bu t  d i f f e r e n c e s  between 
t h e  waxes s t i l l  ex i s t ed .  

One of t he  two o r i g i n a l  pa ra f f in - t r ea t ed  water-harvest ing p l o t s  a t  the  
Gran i t e  Reef t e s t  site ( t h e  200 m2 p l o t )  was r e t r e a t e d  i n  1980 ( a t  0 , s  
kg/m2) when runoff e f f i c i e n c y  dropped t o  63%. This  w a s  t he  e i g h t h  complete 
y e a r  s i n c e  i n s t a l l a t i o n .  Runoff e f f i c i e n c y  f o r  t he  200 m2 p l o t  averaged 
81% dur ing  that: per iod.  The p l o t  harves ted  350 cubic meters  of water  
(almost  1C0,000 ga l lons ,  o r  5,7 f e e t  of water) .  P a r a f f i n  a t  t h e  time of 
i n s t a l l a t i o n ,  cos t  IO$/lb; a p p l i c a t i o n  r a t e  was 0.68 kg/mi- The c o s t  oE 
t h e  water ,  a t t r i b u t a b l e  t o  t he  materi .al  c o s t  of t he  wax, thus  was 30 c e n t s  
per  thousand ga l lons .  The smal le r  10 m2 p l o t  which i s  l e s s  s u b j e c t  t o  
e ros ion ,  s t i l l  averaged 90% runoff  e iEic iency  i n  1980. 

PERSONPEL: Dwayne HI Fink 
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Table 1. Runoff Plot Treatments at Granite Reef - 1980. 
Plot Size D+te Treatment 

m2 

200 8 Aug 1967 
22 Aug 1967 
20 May 1968 

Basecoat, NC-250 a t  1.5 kg asphalt m-2. 
Topcoat, RSS asphalt emulsion at 0.7 kg asphalt 
Top sheeting, 30-mLl.chlorinated black polyethylene. 

30 Nov 1961 Smoothed soil.. 

Smoothed soil, treated with 3% solution of sodium 
methyl silanolate in tap water at 0.06 kg silicone/m~ 
Retreat at 0.04 kg silicone/m2. 
Retreat at 0.03 kg silicone/&. 

6 Nov 1969 
3 Jun 1975 

" 13 Sep 1376 Polypropylene matting (tfirafi by Celanese) with SS 
asphalt at 1.4 kg/n2. 
Sealcoat. Clay emulsion at 0.7 kg/n2. 
Top spray vinyl aluminum. 

29Sep1976 
2 Jun 1977 

Untreated. 

Asphalt-fiberglass on N 1/2 area; unwoven polyester 
fabric (Bitume by Monsanto) - asphalt on S 1/2 area. 
Basecoat, NC-250 at 1.5 ke/m2. 
Topsheeting, l-mil aluminum foil bonded with RSK 
asphalt emulsion at 0.7 kg/m2. 

Basecoat, NC-250 at 1.5 kg/m2. 
Top sheeting, 3/4-02 chopped fiberglass matting 
bonded with RSK asphalt emulsion at 1.4 kg/m2. 
Top spray, vinyl aluminum coating at 0.1 gal/yd2- 

160 3 hug 1967 
22 Aug 1967 

3 Aug 1967 
12 Sep 1967 

Basecoat, EfC-250 at 1.5 kg/m2. 
Top sheeting, standard rag felt-rock roofing 
treatment. 

1 Aug 1967 Smoothed soil - 
Smoothed soil treated with 3% solution o f  sodium 
methyl silanolate and 25! soil stabilizer at 1.2 2/n2 

Concrete slab. 111.6 Sep 1968 

191.1 1 Nar 1965 Ridge and furrow (RW), 20% side slopes, 
3% longitudinal slope, rolled. 
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Table 1. Runoff Plot Treatments at Granite Reef - 1980 (Cont']. 
Plot Size Date Treatment 

29 Sep 1972 

18 Jun 1980 

1 tfar 1965 

1 3  May 1966 
J Nov 1970 

3 Jun 1975 

1 Dec 1963 

1 Dec 1963 
3 Jun 1975 

I Dec 1963 
14 Sep 1979 

23 Aug 1967 

21 Jun 1979 

21 Jun 1979 

12 Sep 1968 

26 Sep 1973 
23 3un 1980 

19 Sep 1978 

R&F, 10% sideslopes, 3 f  longitudinal, chipped 
paraffin (128-130 AMP) at 0.68 kg/m2. 
Retreat, chipped paraffin at 0.5 kg/n2. 

R&F, 20% sideslopes. 

R&F, 10% sideslopes; 44.9 g/m2 of sodium carbonate. 
Treated with 3 f  silicone solution containing 2% 
sol1 stabilizer, at 1.2 9./n2. 
Retreat with 3% silicone solution at 1.2 9./m2, 
(0.03 kg silicone/n2 . 
Uncleared watershed. 

Uncleared watershed. 
Sprayed with 3% silicon* solution at 1.2 8/m2 
(0.03 kg si11cone/m2). 

Cleared watershed. 
Recleared. 

Husky asphalt and Petro mat. 

Husky asphalt and gravel. 

Sprayed with hot melt o f  Chevron 140 slack was 
containing 54: by w t  of 'Emery 6639 antistripping 
agent, at 0.5 kg/m2, to smoothed and compacted 
soil. 

Sprayed with hot melt of Chevron 140 slack wax 
containing 59: by w t  of Emery 6639 antistripping 
agent, at 0.5 kg/n2, to plot previously smoothed, 
compacted, and stabilized with cellulose xanthate 
(0.52 paper solution applied at 1.6 9./m2)- 

Acrylic paint on asphalt. 

Slack wax. 
Removed. 

Sprayed with hot melt of 128-131 AhiP scale paraffin 
containing 5% (wt) of Emery 6639 antistrip, at 
0.5 ke/rn2, to compacted soil. (Trehtnent identical 
to those on C&. Christnas tree catchmsnts). 
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Table 1. Runoff Plot Treatments at Granite Reef - 1980 (~ont').' 
Plot Size Date Treatment 

15 Apr 1977 
23 Jun 1980 

Mar 1968 

29 Jun 1978 

21 May 1968 

17 Jul 1979 

29 Jun 1972 

Juf 1972 

10 Jul 1979 

Slack wax on fiberglass matting- 
Removed. 

Hypalon sheeting. 

Arizona clay (Superior Co.) at 24 ~b/mZ and 
stack salt at 2.5 1b/m2 rototilled into top 
2-inch soil, and compacted with vibratory roller 
following 2-inch rain of 26 July (10X "clay", in 
top 2-L-inch and 5 T saltlacre). 

Butyl sheeting (10 mil). . 

Sprayed hot nelt of Chevron 140 slack wax 
containing 5% by wt of Emery 6639 antistrip, 
at 0.6 kg/mZ, to plot previously smoothed, 
compacted and stabilized with cellulose 
xanthate (0.5% solution at 3.2 %/m2). 

Chipped paraffin (143-150 aW), at 0.73 kg/m2. 

Smoothed . 
Sprayed ~ t h  hot nelt of 128-130 &IP scale wax 
containing 5% (we) Emery 6639 antistrip, at 
0.6 kg/m2 to snoothed and stabilized !lot 
(0.25% (wt) paper solution at 3.2 &/in ). 
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.Table 2. binfall-runoff fro2 water harvesting ?lots at Granite Reef in 1900. 

Date Precip, L-1 L-2 L-3 ti4 L-5 L-6 L-7 R-1 R-2 - 3  K-4 A-1 A-2 A-3 A-4 A-5 

1980 m- , 
.."+ 

9-10 Jan 16.3 
13-11 11.9 
19-20 15.5 
21 12.2 
29-30 13.5 
13-14 Feb 16.2 
14-15 
16-18 
19-20 
20-21 
3 Xar 
10-11 
19 
2 6 
1 Apr 
29-30 
30 Jun 
13 July 
25 
3 Aug 
9 
13 
24 
5 Scp 
11 
Totals** 

Notation: F t. Overflovcd storage; M i. Mechanical noLEunction; IN Untreated: NP Xot prrmped (data from tipping 
? = Qucstionnblc data, bucket mingngc) 

* = Initation of new trcatncnt or waintenancc of cutchrcent. 
** = Percentage totois are bnsed on mcosured data only, i.e., no estinntcs. 
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Table 2. hinfoli-runoff fron water harvesting plots at Grnnite Rccf in 1980 (continued). 

Oate Precip, V-1 - 2  U-3 T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 T-9 T-10 T-11 T-12 T-13 T-14 T-15 

1980 vn Z 

19-20 
20-21 
3 var 
10-11 
19 
26 
1 Apr 
29-30 
30 Jun 
13 July 
25 
3 Aug 
9 
13 
24 
5 Sep 
I1 
Totals** 

85.9 84.0 81.0 106.7 
84.9 79.0 81.5 93.3 
80.6 87.1 H >I 
93.4 79.5 90.2 95.1 
98.5 96.3 101.5 100.7 

? 98.1 ? 98.8 
91.6 99.7 102.5 95.6 
F F F F  
92.0 100.5 97.9 95.7 
85.2 90.2 96.7 91.8 
85.7 91.1 78.6 105.4 
91.2 94.1 98.8 100.6 
80.3 88.5 101.6 96.7 
13.3 X 13.3 20.0 
65.4 86.4 91.4 87.6 
71.0 84.1 55.0 86.9 
55.9 72.0 63.2 73.5 

27.6 111.6 10i3.0 
36.1 104.2 103.4 
47.1 105.2 99.3 
54.1 100.8 95.1 
43.7 105.9 105.9 

? ? 104.9 
? ? ?  
H F P  
80.8 104.8 102,6 
18.0 104.9 100.0 
17.8 105.4 100.0 
60.0 104.7 101.8 
18.0 114.8 104.9 
0 100.0 80.0 
21.0 98.8 ? 
19.6 102.8 92.5 
11.8 105.9 73.5 

Notation: F  = Overfloxed storage; >I Piehmical malfunction; LV = Untreated; SP Sot pumped (data froa tipping-bucket raingage); 
4 r Accumulated events; ? = Qucstionablc data. 
* = Initation of new treatments or mfntenence of catchment. 

** = Percentage totals arc based on measured data only; i.e., no estimates, 
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Table 3. Summary of runoff  e f f i c i e n c i e s  from wax-treated p l o t s  a t  Gran i t e  
Reef. 

Wax-Trea ted  P lo t  sL/ 

Year Prec ip .  R-2 T-13 T-6 T-7 T-3 T-4 T-12 T-15 
mm ---------------------- % runoff ......................... 

1/ F i r s t  y e a r ' s  d a t a  r e p r e s e n t s  p a r t i a l  year.  - 

2 /  Missing d a t a -  - 
31 Ret rea t ed  dur ing  year .  - 
41 Terminated dur ing  year .  - 
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-REMOVABLE SPLASI? COVER 

Figure 1. Erosimcter for soil structural evaluation, 

Annual Report of the U.S. Water Conservation Laboratory



Figure 2. Diagram of Grani te  Reef Water Harvesting site. 
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Reginato, Re J. 1980* Zemate assessment of soil 7 40 
moisture. In Proc. Seminar on Isotopes and ' 

RiidiaCion ~ Z l ~ n i ~ u e s  in Soil and IJater Con- 
servation Studies in Africa. brtoum, Sudan. 
12-17 Nov* 3.979- A Technical Document issued 
by the International Atomic Energy Agency, 
Vienna. 1980. pp. 76-85. 
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Prepared: Ehrler, 'N. L. and Bucks, D. A. Soil water 
depletion in irrigated guayule. Proc. 3rd 
Intern. Conf* on Guayule- Pasadena, CA. 
April 27-May 1, 1980. (Approved for publication) 
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Idso, S .  B., Reginato, R. S o ,  Jackson, R. Do 778 
and Pinter, PI J*, Jr. Foliage and air temper- 
Cures: Evidence for a dynamic "Equivalence 
P ~ i n t " ~  Agricultural Meeeorology. (In press) 

Idso, S. Bo , ,Reginato, 8. J., Reicosky, no ,C. 811 
and Hatfieid, J* L. Determining soil-induced 
plant water potential depressons in alfalfa by 
means of infrared thermometry. Agronomy 
Journalo (Submitted for publication) 

Idso, S. B. and Cooley, R. Re ~leteorological 758 
modification of particulate air pollution and 
visibifity patterns at Phoenix, AZ, Archiv. 
Fur Meteorol*, Geophys*, und Bioklim. (In 
press ) 

Idso, S. B. On the systematic nature of diurnal 749 
patterns of differences between calculations and 
measurement of clear sky atmospheric thermal 
radiation. Quart* .Touro Royal Meteorol, Soc. 
(In press) 

Idso, S. B,  Relative rates of evqorattvi water 745 
losses from open and vegetation-covered bodies. 
Water Resources Bulletin* (In press) 

Idso, Sm B e  Stornatal regulation of evaporation 773 
f rorn well-Gatered plant canopies : A new 
synthesis. Water Res. Reso (Approved for 
publication) 

Idso, S. B. Surface energy balance and the -- 804 
gecesis of deserts. Archiv. fur Meterol., 
Geophys* , und Bioklime, Ser Be (In press) 

Jackson, R. D., Idso, S. B . ,  Reginato, R. J. and 7 97 
Pinter, P, J., Jr . Canopy temperature as a crop 
water stress indicator. Water Res. Res. (In press) 

Jackson, R e  D.,  Jones, C. A * ,  Uehara, G ,  and 802 
Santos, L. T. Remote detection of nutrient 
and water deficiencies in sugarcane under 
variable cloudiness* Remote Sensing of 
Environment. (Approved for publication) 
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Kimball, B e  A., Idso, Se B. and Aese, J. K. 
A model of thermal radiation from cloudy skies. 
J, Geophysical Research, Oceans and Atmosphere 
Section. 

Kimball, B, A* Gas exchange in plant canopies, 
Part 1x1: Irr the soil. Xn "Limitations to 
Eff icierit Water Use in crop Production. " 
Ane Sot- Agron. (In press) 

KimSa3.1, B. A. Rapidly convergent algo;ithm for 
non-linear h~tmidity and thermal radiation tzrms, 
Trans. Soc. Agri. Engin, (In Press) 

KimbalZ, B. A- and Mitchell, S- T. Spring and 
fall tomato crops with C02 enrichment in unven- 
tilated and conventional greenhouses. Kortscience 
(Approvsd for publication) 

Hakayama, F. S. and Reginato, E. J. Simplifying 
neutron moisture meter calibration. Soil Science. 
(Approved for publication) 

Paluska, M e  Elo The anatomy of the barley awn, 
1ema and palca. Crop Science. (In press) 

Palusks, $1. M n  Effect oE flag and awn removal 
on arivat barley, Jour. Ariz-Nevada Academy of 
Science. (Approved for approval) 

P d u s k a ,  14, M. end Ramage, R. T. The morphology 
o? barley spikes selected from a male sterile 

MS No. - 
813 

facilitated recurrent selection population for 
a m  variation. Crop Science. (Submitted for 
publication) 

PREVEfJZING POLLUTXON OF AX0 INPROVING THE QUALITY OF 
SOIL, XhTEE, AN3 AIR 

Zower, II. 1580. Basic groundwater aspects 779 
(cver-view address). in lJater Resources in 
Arizona's Future.  roc of the Eighth Annual 
r. ximrier Conf * ,  Governor ' s Commission on Arizona 
Environment. Melvin G, Marcus (Ed.), 14-17, 
Atly,. pp. 19-26. 
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Bouwer , He 1980, Deep percolation and groundwater 
management. Proc* Deep-Percolation Symposium. AZ 
Dept. of Water Resources Report no. l1 Phoenix, 
AZ, 1-2 ?fay 1980. 

Boimer, H- 1980. Book Review: Effects of acid 
precipitztion on terrestrial ecosystems. NATO 
Conf. Series 1:4, Ecology. T. Co Hutchinson 
& ;I. Eavas (eds.) Plenum Press, New York, NY. 
Agro-Ecosystens, December 1980, 654 pp,. 

Got:wer, Re, Rice, R. C., Lance, J, 61 and - 
Gilbert, Re G o  1980. Rapid-infiltration - 
research at Flushing Neadows Project, Arizona* 
Your. Water Pollution Cont. Fedo 52(10):2457-2470. 

Slower, He, Rice, R. C1, Lance, Jp C. and -- 
Gilbert, R- El Rapid infiltration systems 
for renovating sewage* In Proc. of 3rd 
Eorthwest On-Site ~Jastewzer Disposal Short 
Comse. 4-5 Ffarch 1980, Uirivo a£ Washington, 
Seattle, IJa~hington~ pp, 128-160. 

Bouwer, H., Rice, R. C,, Lance, Y. C. and 
Gilbert, 8. G I  1980. Renovation of sewage 
effluent with rapid-infiltration land-treatment 
system* Proc. Symp. on Wastewater Reuse for 
Groundwater Recharge, Pomona, CA, Sept. 1979. 
pp* 265-252. 

Baur~er, XIo and Rice, R. C. 1980- Reply to 
Price's Comments. Febt 1980. Water Res. 
Res .  i6(1):254- 

3o-wer, H e  1980, Wastewater reuse alternatives. - ... 
1.2 Proc. Svn~osium on Water Conservation - " .  
Alternatives for Groundvater and Surface Water 
Utilization. April 1979. Am. Water Reso 
i\issn., Phosnix, RZ. pp. 43-57. 

Zerba, C. 7. and Lance, J. C. 1980. Pathogen - 
remcv:+l .from wastewater during groundwater 
recharge. In Proc. of Symp. on Wastewater Reuse 

Goyal, S. $I., Gerba, C. I?. and Lance, J. C. 
1980. T.,iovement of endotoxin through soil 
columns. A p p l e  Environ. iYicrobioZI 39(3): 
344-547. 
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EIurst, C. J., Gerba, C. P., Lance, J. C. and 704 
Rice, R. C. 1980. Survival  of enteroviruses  i n  
rapid  i n f i l t r a t i o n  on basins during land appli-  
ca t ion  of wastewater. J. Appl. & Environ. 
Microbiol. 49:192-200- 

Lance, J. C. and Gerba, C. P. 1980, Pol iovi rus  703 
movement during high-rate land f i l t r a t i o n  of 
sewage water* J- of Environ. Qual. 9:351-354* 

Lance, JI C - ,  Rice, R e  C. and Gi lbe r t ,  %. G, 697 
1980e Rmovation of sewage water by s o i l  columns 
flooded with primary e f f l u e n t  3. Water Pol lu t ion 
Control Fed. 52(2):381-388. 

Rice, Re C I  and Raats, P, AS C- 1980. Under- 727 
ground t r a v e l  of renovated wastewater. J. 
Environs Engin- Div., Am Soc. C i v i l  Engin* 
106 (EE6):1079-1098, December, 1980. 

Wang, De-Shin, Lance, J. C., and Gerba, C. P. - 
1980, Evaluation of various s o i l  water samplers 
f o r  v i r o l o g i c a l  sampling. J. .Apple & Environ. 
iiIicro3iol. 33(3):662-664. 

Prepared: Bouwer, E. J * )  McCarty, Pa L. and Lance, J o  C I  756 
Trace organic behavior i n  s o i l  columns inundated 
with secondary sewage. Water Research- ( I n  p ress )  

Bower,  3. Cylinder in£ i l t romete r s ,  In  Monograph 790 - 
on Methods of S o i l  Analysis. Am. Eoc. of Agroa. 
( In  press)  

Eouwer, E. and R i c e ,  R. C. The Blushing Meadows 7 99 
p ro jec t  -- Wastewater renovation by high-rate 
i n f i l t r a t i o n  f o r  groundwater recharge* I n  Proc, 
I n t n l .  Con£. on Cooperative Research ~ecsds f o r  
the  Renovation and Reuse of 2.lunScipal wastewater' 
i n  Agricul2ure- 15-19 Dec. Mexico City, Mex. 
( In  press)  

Eouwer, H. Wastewater reuse i n  a r id  areas.  
In 1.Jatc-c Reuser G e  J. Middlebrooks (Ed.), - 
~ l n n  Pzbor Science Publishers,  Inc. ( In  press)  

Lance, J* C I ,  Gerba, C. P. and Wacg, De-Shin. 801 
Comparative movement of different:  enterovirases  
i n  s o i l  coSumnss J. Environ. Qual. (In press)  
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Lance, 3 .  6, and Gerba, Cs P. Virus removal 774 
wi th  land f i l t r a t i o n .  In TJater Reuse, E. J. 
kliddlebrogks (Ed. ) , A.nn%bor Science Publishers,  
Inc. ( In  press)  

&!I' 2083.0 CONSERVE .iWD WAGE AGRICULTURAL WATER 

Published: Cooley, K. R D  and Idso,  S I  R e  19800 Ef fec t s  
of l i l y  pads on evaporation- Water Res. Reso 
16(3):605-606. June 1980, 

Cooley, KO Re 1930. Eros iv i ty  values f o r  
ind iv idua l  design storms. JI of t h e  I r r i g -  
ti Drain. Div., Am. Soc. Civil Engin. 

: 135-145 June 1380. 

1980. Optimized 
runoff  curve numbers f o r  sugarcane and 
pineapple f i e l d s  i n  H a w a i i .  3- So21 & Water 
Conservation 35(3):.137-141. May-June 1980, 

P h k ,  D D  H. and Ehr le r ,  W, L. 1980, Desert - 
gardening with salvaged water* Southwest 
Culleein,  Kew Mexico Solar  Energy Assn. 5:8-10. 

Fink, D e  K * ,  F r a s i e r ,  G* 17. and Cooley, K. R e  
1980, Water harves t ing by wax-treated s o i l  
surfaces :  progress,  problems and potent ia l .  
ZzptcuCtural Wager Management 3: 125-134, 

Fink, D, He 1980. Wax water-harvesting treat- 
ment inproved with a n t i s t r i p p i n g  agent and s o i l  
s t a b i l i z e r .  Hydrology and Water Resources in  
Arizona and the  Southwest 10:149-156. 

Y; A,Lparcd: .. .., Fink, 9. li* and Ehr le r ,  W. L. Evaluation of 786 
w a t e r i a l s  f o r  inducing runoff and t h e i r  use i n  
runoff farining, Zn Proc. of the J o i n t  U.SI-- 
Xexico Workshop o ~ b i n f a l l  Collect ion f o r  
Agriculture i n  Arid and Seniarid Regions. 
Tccson, A%. 20-12 Sept - 1980. ( Iu  press)  

El-Swaify, S. A. and Cooley, K. R. Sediment - 
l o s s e s  fro= small a g r i c u l t u r a l  watersheds i n  
Ilawaii (1972-77). USDA-SEA-AN1 Series.  
(Submitted f o r  Approval.) 
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